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Rice is one of most widely consumed crops on the planet. Every year about 750 million tons 
of rice are harvested and approximately half the world’s population eat rice every day 
(FAOSTAT 2018). It is also used as a model plant for monocot research. One of the greatest 
threats to production of rice as well as many other crops are plant-parasitic nematodes. 
Particularly, the root-knot nematode Meloidogyne graminicola (Mg) is known to devastate 
rice fields with reported yield reductions of up to 87 % (Soriano, Prot, and Matias 2000). 
Eradication and control of Mg populations is difficult as they have a very wide host range. 
PPN can suppress the immune system of rice plants enabling Mg to establish and propagate 
themselves in rice roots. Analysis of gene expression revealed that components of the 
epigenetic machinery in rice are affected upon Mg infection (Kyndt et al. 2012). So far, 
researchers have mainly focused on DNA methylation changes during nematode infection 
(Tarek Hewezi et al. 2017; Rambani et al. 2015). In this thesis, we had one overarching 
research question: how are the currently known epigenetic mechanisms affected in response 
to Mg infection in rice? To increase comparability between results, all changes were 
evaluated under very similar experimental conditions. The specific research objectives 
covered in this work are as follows: 
- To investigate the effect of Mg infection on the DNA methylation profile in rice as well 
as to assess whether or not the effect is nematode induced or is a genuine plant 
response. 
 
- To investigate the effect of Mg infection on histone modifications in rice. Particularly, 
changes of histone marks H3K9ac, H3K9me2 and H3K27me3 were investigated. 
Chemical inhibitors of histone modifying enzymes were used to investigate the effect 
of disruption in specific histone modification pathways on the plant immune response. 
 
- To investigate which rice microRNAs do not change expression between uninfected 
and infected conditions and have the potential to be used as reference genes in RT-
qPCR experiments targeting small RNA expression profiles. 
 
- To investigate the effect of Mg infection on the expression of small and long non-
coding RNAs. Bioinformatic analyses were performed on the differentially expressed 






In chapter 1 the main players in this story are introduced. The importance of rice is detailed, 
both as a crucial crop in agriculture and as the main model plant for monocots in plant 
research. The lifecycle of the agronomically most damaging plant-parasitic nematodes is 
explained. A short overview is given of the plant immune response to nematode invasion and 
the ability of nematodes to counteract that response. Current techniques to combat 
nematode infestations are explained. The last part of the chapter introduces epigenetics. For 
each of the main mechanisms (DNA methylation, histone modifications and non-coding 
RNAs) an overview is given of how they function from a molecular point of view. Their known 
roles in plant defence are also discussed. Lastly, a short overview is given of the techniques 
used in this work to study epigenetic effects. In chapter 2 we present the changes in the 
DNA methylation profile of the rice genome after Mg infection using whole genome bisulfite 
sequencing. We also test the hypothesis that DNA methylation changes are part of the more 
general pattern-triggered immunity response rather than a specific response to nematodes. 
To that end, we treated both monocotyledonous rice as dicotyledonous tomato with 
pathogen-associated molecular patterns. Chapter 3 discusses the genome-wide changes in 
histone modifications H3K9ac, H3K9me2 and H3K37me3 as a response to Mg infection. 
Furthermore, we performed preliminary experiments with chemical inhibitors of histone 
modifying enzymes to assess whether dysregulation of histone marks affects the infection 
rate and development of nematodes in rice. In chapter 4, we investigated which rice 
microRNAs show a stable expression pattern between experimental conditions (untreated 
rice plants, rice plants infected with nematodes and rice plants treated with induced 
resistance activator beta-amino butyric acid). The most stable microRNAs were selected to 
serve as reference genes for further RT-qPCR experiments in chapter 5. In that chapter we 
reveal which long and small non-coding RNAs are differentially expressed upon Mg infection. 
Long non-coding RNAs were evaluated for their potential to function in cis, thereby affecting 
the expression of nearby loci. Their potential to work as decoys for microRNAs was also 
investigated. The expression pattern of differentially expressed microRNAs was combined 
with degradome sequencing data to find microRNA-target pairings. Small interfering RNAs 
that were differentially expressed were evaluated for their ability to affect DNA methylation in 
the promoters of genes by comparing with the WGBS data presented in chapter 3. In 






























1.1.1. Importance as a food crop 
Rice is a cereal grain belonging to the family of grasses (Poaceae). It is an annual plant 
growing between 90 and 150 cm tall. Two types of rice are cultivated, African rice (Oryza 
glaberrima) and Asian rice (Oryza sativa). African rice is thought to have been domesticated 
2000-3000 years ago in current-day Mali. Asian rice has been a staple food source with half 
the world population consuming rice daily since its domestication in China around 10 000 
years ago (International Rice Research Institute 2018). Asian rice has two subspecies: 
Japonica and Indica. Japonica varieties are usually grown in cooler subtropic and temperate 
regions while Indica is mainly grown in tropic and subtropic regions.  
Most rice is grown in flooded fields known as paddy fields. Rice crops are planted by either 
direct seeding or by transplanting. Transplanting means that rice seedlings are first grown on 
a seedbed (also known as a nursery, Figure 1.1) before they are planted in the field. This 
technique requires less seed than direct seeding and gives the plants a better chance when 
competing against weeds. It is therefore the more popular technique even though it requires 
more physical labour. 
During its lifecycle of around 150 days, rice goes through three phases after germination 
(International Rice Research Institute 2018). The first is the vegetative phase in which tillers 
and leaves are being developed. Typically, this phase lasts 55 to 85 days. When the leaf 
stem that conceals the developing panicle starts to bulge the reproductive phase starts. The 
panicle continues to grow with flowering starting a day after the panicle has fully emerged 
from the stem. Flowering lasts about seven days after which the ripening phase starts, 
lasting for around 30 days, and the plants are ready to be harvested. After harvesting, rice 
grain is dried, either in the sun or using mechanical dryers in order to reduce moisture and 
prevent mold development and discoloration.  
Dried rice is milled in order to remove the husk and bran layers resulting in milled rice fit for 
consumption (International Rice Research Institute 2018). Approximately 158 million 
hectares in the world are used for rice cultivation. In total around 750 million tons of rice are 
harvested annually worldwide with 90 % of production happening in Asia (FAOSTAT 2018). 
 
 




1.1.2. Importance as a model system 
Rice was the first crop and second plant species to have its genome sequenced after 
Arabidopsis. The first complete sequencing of the japonica cultivar Nipponbare finished in 
2005. It was a multinational undertaking under the banner of the International Rice Genome 
Sequencing Project (IRGSP) with each participating country responsible for sequencing one 
or a number of chromosomes (Japan sequenced chromosomes, 1, 6, 7 and 8; the US 
sequenced chromosomes 3 and 10; France sequenced chromosome 12 etc.) (Jackson 
2016). Concurrently to the IRGSP undertaking two private companies, Monsanto and 
Syngenta, were sequencing the same cultivar. Their sequencing data was published in 2002 
and subsequently integrated in the IRGSP project (Goff et al. 2002; Song et al. 2018). 
After completion, two organizations independently created their own genome assembly and 
annotation. One by the Rice Genome Annotation Project, initially located at The Institute for 
Genomic Research and now at Michigan State University (MSU) in the US, and another by 
the Rice Annotation Project Database (RAP-DB) of the National Institute of Agrobiological 
Sciences in Japan (Tanaka et al. 2008; Ouyang et al. 2007). A collaboration was set up to 
create a unified genome assembly which was published in 2013 (Kawahara et al. 2013). This 
unified assembly, known as Os-Nipponbare-Reference-IRGSP-1.0, covers nearly 97 % of 
the entire genome with 62 remaining physical gaps (Matsumoto et al. 2016). The sequenced 
genome size is 373 Mbp (mega base pairs) while the actual genome size is estimated at 385 
Mbp (Kawahara et al. 2013). This genome is 3.5 times larger than that of Arabidopsis but is 
still smaller than those of other cereals. Wheat for example is hexaploid and has a genome 
size of 17 000 Mbp (Lukaszewski et al. 2014).  
The diploidy and relatively small genome of rice allows for more accurate annotation. Both 
MSU and RAP-DB still maintain separate genomic annotations, but efforts have been made 
to be able to move between annotations. A gene identifier of one annotation can be 
converted to a gene identifier of the other annotation if both databases have an annotation 
for the same gene locus. Due to the low number of polymorphisms between cultivars, this 
reference genome is also suitable when using other rice cultivars (Huang et al. 2010). 
Nevertheless, the genomes of several other rice cultivars have been sequenced as well, 
such as Kitaake and Indica cultivar 93-11 (Jain et al. 2019; Yu et al. 2002).  
The Nipponbare genome has been instrumental in uncovering the genetic components 
regulating yield, abiotic stress tolerance and developmental control (Matsumoto et al. 2016). 
It is also extensively used in combination with the genomes of other sequenced rice cultivars 
for genome-wide association studies to uncover quantitative trait loci related to agronomic 
traits such as tiller number, grain weight and protein content (Song et al. 2018). Next to 
having a high quality completely sequenced genome, rice is also suitable for the generation 
of transgenic plants, especially compared to other cereals like wheat. In fact, rice was the 
first cereal crop of which Agrobacterium-mediated transgenic lines were made in 1994 (Hiei 
et al. 1994; Hiei, Ishida, and Komari 2014). It is a suitable model species for other monocots 
such as maize and wheat due to the high degree of synteny between the species (Moore et 
al. 1995). Furthermore, tools such as transposon and T-DNA tagged rice populations are 
available for genomic analysis (Shimamoto and Kyozuka 2002). 
1.2. Nematodes 
1.2.1. Introduction 
Nematodes or round worms are multicellular organisms in the group Ecdysozoa, which is a 
classification of animals that can shed their outer layer or cuticle. More specifically they 
belong to the phylum Nematoda which contains more than 25 000 known species, one of the 
most diverse phyla in the animal kingdom (Zhang 2013). The majority of nematode species 
are free-living with 44 % of described species being parasites of animals and 15 % plant-
parasitic (Lambert and Bekal 2002). However nematode species can also provide beneficial 




devastating pests to plants (Askary and Abd-Elgawad 2017). Furthermore, nematodes can 
mineralize nutrients into plant-digestible forms (Gebremikael et al. 2016).  
All nematodes share the same basic anatomy: a smooth cylindrical outer body known as the 
cuticle envelops an inner tube of pharyngeal muscle and intestine. Between the outer body 
and the inner tube, a pseudocoelomic body cavity is located in which pseudocoelomic fluid is 
mixed with diffused water, gasses and metabolites.  
The reproductive organs are located in the posterior area of the body. Nematodes can 
however also produce asexually through parthenogenesis (Schafer 2016). They vary widely 
in size, ranging from 100 µm in length to animal parasites that can grow several metres in 
length. Nematodes are related to insects as these also belong to the Ecdysozoa groups, and 
just like insects, nematodes go through molting stages during their development.  
Nematodes and humans share a long history. In 1550 BC the human intestinal parasite 
species Ascaris lumbricoides was described on the Papyrus Ebers, an ancient Egyptian 
papyrus scroll describing herbal knowledge. The tissue parasite Dracunculus medinensis, 
(Guinea Worm) is thought to be referenced by the Bible as the “fiery serpent” attacking the 
Israelites which had escaped Egypt (Poinar 2006). In the present, the nematode 
Caenorhabditis elegans is intensively used as a model organism for animal systems. It was 
the first animal to have its genome sequenced in 1998 (The C. elegans Sequencing 
Consortium 1998).  
1.2.2. Plant-parasitic nematodes 
Plant-parasitic nematodes (PPNs) became a topic of interest in the late 18th century when 
nematodes were described as a parasite of cucumber and sugar beets (Lambert and Bekal 
2002). Nowadays plant parasitic nematodes are considered a major pest in agriculture. More 
than 4 100 PPNs are identified, causing a collective loss of $80 to $118 billion annually. Their 
impact is often underestimated as most are soil pathogens and their hidden nature often 
leads to incorrect attribution of yield losses to other factors such as water stress. Even 
though over 4 100 PPNs are described, only a few are responsible for the majority of these 
economic losses. These are classified according to their lifestyle or morphology (Bernard, 
Egnin, and Bonsi 2017).  
One of the signature traits of a PPN is a hollow needle-like organ at the mouth called a stylet. 
Its size and shape are used to classify PPNs as it indicates their way of feeding. The first use 
of the stylet is to puncture plant cells and suck out nutrients such as proteins. The second 
use is to inject plant cells proteins and metabolites known as effectors into plant cells. These 
effectors are produced in specialized secretory gland cells in the pharynx of the PPN and 
they help to modify host cells in order to create a more accommodating environment for the 
PPN (Davis et al. 2008). Their lifestyle allows them to be classified as either migratory or 
sedentary and as either endoparasitic or ectoparasitic. This discussion will focus on the 
economically most important species which are endoparasitic migratory and endoparasitic 
sedentary nematodes.  
Migratory PPNs cause enormous necrosis of plant tissue when migrating or feeding. They 
feed by puncturing and sucking out plant cells (Figure 1.2a). Due to the excessive tissue 
damage, secondary infections by bacteria or fungi can occur. The main migratory nematodes 
that target rice belong either to the Hirschmaniella or Pratylenchus genus.  
Species of Hirschmaniella are known as rice root rot nematodes since over half the known 
species are parasites of rice and nearly 60 % of rice fields in the world are infested by them. 
Symptoms are non-specific and include decreased tillering, occasional chlorosis and a 
reduced early growth rate (Duncan and Moens 2006). One of the predominant damaging 
species is Hirschmaniella oryzae which is the most common plant-parasitic nematode in rice 
grown under constantly flooded conditions (Kyndt, Fernandez, and Gheysen 2014). 




as infection is accompanied by the formation of lesions that eventually lead to the 
development of necrotic areas. Aboveground symptoms include chlorosis, fewer leaves and 
smaller plant size. Economic losses due to Pratylenchus infection are mostly associated with 
wheat as yield losses of wheat up to 85 % have been reported (Smiley 2015). However, 
Pratylenchus can infect a wide range of hosts such as corn, cotton, banana and sugarcane 
(Castillo and Vovlas 2007). 
The most damaging group of nematodes are sedentary nematodes. They can be grouped in 
cyst or root-knot nematodes. The life cycle of cyst nematodes begins with eggs inside a cyst 
body that is located largely outside of an infected root (Figure 1.2b). Inside the eggs, 
embryos moult to a second-stage juvenile (J2). After hatching, the J2 are infective and move 
through the soil to invade a host root, attracted by the gradient of chemicals that are released 
by the host’s root system. After the J2 manages to invade a host root, it uses its stylet to 
puncture cells and starts feeding.  
While feeding, juveniles differentiate into males and females and undergo further moults. The 
feeding process also results in the formation of a syncytium, which is a large multinucleate 
cell, formed through cell wall degradation and fusion of adjacent protoplasts. The female cyst 
nematodes gradually become more globular while developing ovaries and eggs. After the 
last moult, J4 females burst out of the root and become accessible to males that travel 
through the soil and mate with a female. Afterwards, the female dies and its body tans to 
become a hardened cyst (Turner and Rowe 2006).  
The most important cyst nematodes belong to the Globodera or the Heterodera genus. In the 
UK, potato cyst nematodes Globodera pallida and Globodera rostochiensis cause losses to 
potato harvests of about £50 million annually (Jones et al. 2017). Soybean cyst nematode 
Heterodera glycines are estimated to destroy 128.6 million soybean bushels in the US, which 
is a loss of $1.286 billion each year (Wrather and Mitchum 2010). 
 
Figure 1.2 Lifecycles of the most damaging plant-parasitic nematodes in plant roots. (a) migratory 
nematodes; (b) cyst nematodes; (c) root-knot nematodes. Elements in figure are not drawn to scale. 
Adapted from reference (Kyndt, Fernandez, and Gheysen 2014). 
In 2013, a survey was made to determine the PPNs with the most important scientific and 
economic impact (Jones et al. 2013). At the top of that list were root-knot nematodes (RKNs). 
With their worldwide distribution, large variety of species (all belonging to the Meloidogyne 




lifecycle is similar to that of cyst nematodes (Figure 1.2c). Eggs are enclosed in gelatinous 
egg sacs that are usually located on the exterior of infected roots but can also be completely 
inside the root. A J2 leaves the egg after hatching and either infects new roots or the same 
root system. Attracted by chemical compounds that are emanated by the plant roots, the J2s 
accumulate at the elongation zone of the root, just behind the root tip. The nematodes use 
their stylet to break down the cell walls, both by thrusting the stylet repeatedly as well as by 
injecting cellulolytic and pectolytic enzymes that degrade the cell wall.  
After invading the host root, J2s move intercellularly to the root tip until they reach the 
vascular cylinder. Once there, they move back up the root through the stele for a short 
distance until they become sessile and establish a feeding site. This feeding site is created 
by the injection of pharyngeal secretions into selected vascular cells. These secretions 
disrupt cellular processes, which result in hyperplasy and hypertrophy through repeated 
nuclear division without cytokinesis. The creation of giant cells makes the roots swell leading 
to gall structures. While feeding, J2s undergo additional moults into adult females and males.  
Some RKN species, such as Meloidogyne carolinensis and Meloidogyne spartinae 
reproduce sexually, while others are able to reproduce asexually through parthenogenesis. 
Reproduction through parthenogenesis is more likely to occur in favorable environmental 
circumstances with almost no male population. Adverse circumstances, however, lead to a 
greater abundance of males. Once they are adult, the females start assuming a pyriform 
shape and lay eggs in a gelatinous matrix that eventually leaves the female body (unlike cyst 
nematodes). Visible signs of RKN infection are wilting, chlorosis, suppressed shoot growth 
and lower yields (Karssen and Moens 2006).  
The most ubiquitous RKN on rice is Meloidogyne graminicola (Mg). Mg is distinct from other 
Meloidogyne species such as the often studied Meloidogyne incognita in that the swelling of 
the host roots results in characteristic hook-like shapes and that the gelatinous egg sacs are 
completely inside the root as opposed to being located at the exterior of the root (Kyndt, 
Fernandez, and Gheysen 2014). Yield reductions in rice of up to 87 % have been observed 
after Mg infection (Soriano, Prot, and Matias 2000). As Mg prefers relatively high 
temperatures for its development, it is mainly found in warmer regions, mainly South and 
East Asia. However, Mg has been found worldwide in Africa, North America and South 
America (Mantelin, Bellafiore, and Kyndt 2017). Recently, Mg was found in northern Italy 
where rice was cultivated in both lowland as upland fields (Fanelli et al. 2017).  
Another factor that makes Mg such a devastating pathogen to rice in particular is its ability to 
thrive in the irrigated conditions in which rice is grown. In flooded conditions Mg can survive 
and propagate. Heavy flooding does seem to reduce yield losses compared to intermittent 
flooding, but rice farmers are increasingly affected by water scarcity. The Chinese 
government has already banned the cultivation of rice under flooded conditions in areas 
around Beijing and farmers are encouraged to adapt water saving strategies by using rice 
varieties that are grown in aerobic conditions (Xiaoguang et al. 2005; De Waele et al. 2013). 
Mg also has a short lifecycle of just two or three weeks which allows for a rapid propagation 
and spread of the nematode population in a short time (Mantelin, Bellafiore, and Kyndt 
2017). 
1.2.3. Plant response to nematode infection 
To ward off biotic and abiotic stresses plants have built a complex immune system over their 
evolutionary course. Concurrently, pathogens have learned to adapt and overcome these 
systems which has led to an everlasting arms race. Since 2006 the view of the plant immune 
system has been shaped by the zigzag model proposed by Jones and Dangl in which they 
split up the plant immune response to a pathogen in two types (Jones and Dangl 2006). The 
first type is pattern-triggered immunity (PTI). It is activated when the plant detects molecules 




associated molecular patterns (PAMPs) and are detected by pattern recognition receptors 
(PRRs).  
Examples of PAMPs are bacterial flagellin or lipopolysaccharides as well as fungal or 
arthropod chitin. Typically, PRRs bind molecular patterns that are essential to the pathogen 
and therefore conserved (Zhang and Zhou 2010). Other PTI triggers are molecules whose 
presence indicates damage caused by an invading pathogen and are therefore called 
damage-associated molecular patterns (DAMPs). An example of a DAMP are cell wall 
fragments, which are created when a nematode migrates through plant tissue. PTI is 
characterized as non-specific immune response in which cells initiate several defence 
responses such as the production of antimicrobial compounds like phytoalexins and the 
generation of reactive oxygen species (ROS) such as H2O2 which have deleterious effects on 
pathogens (Bigeard, Colcombet, and Hirt 2015). Even though most described PAMPS are 
from microbes, they can also be found in nematodes in which case they are termed 
nematode-associated molecular patterns (NAMPs).  
An example of NAMPs are ascarosides, which are nematode pheromones. Specifically 
ascr#18, the most common ascaroside in PPNs, was found to trigger PTI in very low 
concentrations, even in the picomolar range (Manosalva et al. 2015). Mendy et al. created a 
cocktail of NAMPs by incubating nematodes in water for 24 hours after which the nematodes 
were filtered out. This cocktail was dubbed NemaWater and was found to induce a ROS 
burst in Arabidopsis. The ROS burst was detected both with NemaWater produced from cyst 
nematode Heterodera schachtii as from RKN Meloidogyne incognita (Mendy et al. 2017). 
Unlike ascarosides, which are glycolipids, the NAMPs in NemaWater are proteins. 
Nematodes have also evolved to deal with ROS bursts by producing multiple antioxidant 
enzymes that scavenge ROS products and protect the hypodermis and other tissues from 
oxidative damage (Dubreuil et al. 2011). When rice is inoculated with Mg, a ROS burst is 
observed through H2O2 accumulation one day after inoculation. However, at three and five 
days after inoculation H2O2 levels are back at basal levels or even slightly below that. 
Therefore, it seems that, while Mg is migrating through the roots, the defence response is 
active but is suppressed as soon as Mg starts forming its feeding site (Ji et al. 2015). These 
antioxidant enzymes are part of a collection of secreted molecules that the nematodes use to 
counter PTI and are termed effectors.  
Other types of effectors can suppress immune responses or interfere with signaling 
pathways (Vieira and Gleason 2019). The Mg effector MgMO237 is able to suppress callose 
deposition (Chen et al. 2018). Callose is a polysaccharide used to strengthen the cell wall. 
Suppression of callose deposition therefore makes infection easier for Mg. The production of 
effectors by the nematode brings the plant into a weakened state called effector-triggered 
susceptibility (ETS). However, plants have developed a second type of defence response, 
termed effector-triggered immunity (ETI) to retaliate.  
ETI is triggered by receptor proteins that directly or indirectly recognize effectors and activate 
downstream pathways. Most of the receptor proteins are characterized by a nucleotide-
binding leucine-rich repeat (NB-LRR) domain and are encoded by genes dubbed resistance 
genes or R-genes for short. Examples of R-genes conferring resistance against nematodes 
are the Ma gene in Myrobalan plum, the Me1 and Me3 genes in pepper, and the Mi-1 gene in 
tomato (Khallouk et al. 2011; Bleve-Zacheo et al. 1998; Vos et al. 1998). Even though PTI 
and ETI share similarities in the pathways they activate, ETI is more specific and lasts longer 
than PTI (Cui, Tsuda, and Parker 2015). A hallmark of ETI is the hypersensitive response 
(HR) which is a form of localized programmed cell death. HR prevents the pathogen from 
spreading and feeding. A more nematode specific response is the formation of a layer of 
necrotic cells around syncytia or giant cells. This layer prevents the expansion of the feeding 




In response to effector detection by the host plant, pathogens utilize new effectors to either 
replace the old effectors or to suppress the detection of the old effectors and bring the plant 
into a weakened state again. This results in an everlasting cycle of ETS and ETI wherein the 
pathogen and the host plant keep trying to one-up each other (Goverse and Smant 2014). 
Downstream of PTI and ETI, induced defences in plant are mainly regulated by plant 
hormones, particularly the jasmonic acid (JA) and salicylic acid (SA) pathways. Activation of 
these pathways leads to defence responses such as the production of pathogenesis-related 
proteins or other compounds. They have been described to behave antagonistically, however 
in rice that behavior does not occur (Ding and Wang 2015; Ramirez-Prado et al. 2018; Nahar 
et al. 2011). Ethylene is another plant hormone that works synergistically with the JA 
pathway. At 3 dpi in rice infected with Mg the SA, JA and ET pathways are suppressed in 
galls compared to uninfected root tips (Kyndt et al. 2012). In contrast the brassinosteroid 
pathway, which is another plant hormone mainly involved in growth regulation, is 
upregulated. This induction of brassinosteroids is likely promoted by Mg as brassinosteroids 
function antagonistically with JA pathway thereby suppressing rice defence against Mg 
(Nahar et al. 2013). The suppression of the rice immune system by Mg also extends to the 
basal defence systems. Beside the suppression of a ROS burst described previously, callose 
deposition is barely detectable in 4 dpi galls. While the expression of callose biosynthesis 
genes is not affected, an induction of callose-degrading enzyme OsGNS5 was observed (Ji 
et al. 2015). 
Given the myriad of ways in which Mg can suppress defence, resistance to this nematode is 
very desirable. It is possible to induce resistance by “priming” plants, which brings the plants 
in a state of readiness for a faster and more significant immune response upon infection. For 
example priming Arabidopsis and tomato plants with beta-aminobutyric acid (BABA), 
generated an accelerated defence response upon infection with Botrytis cinerea. This 
priming effect is most likely regulated through epigenetic mechanisms as BABA treatment 
resulted in hypomethylation in genic regions (Roberts et al. 2019). BABA treatment of rice 
plants also resulted in inhibited nematode infection and delayed development (Ji et al. 2015). 
Even the effect of infection itself can function as an inducer of resistance in the progeny of 
infected plants. This is called transgeneration acquired resistance (TAR) and has been 
reported for both plants and animals (Holeski, Jander, and Agrawal 2012; Perez and Lehner 
2019). TAR can be either a blessing or a curse for the future generations as it provides 
increased resistance to the stress factors their ancestors experienced. However, when faced 
with new types of stress factors it can result in enhanced susceptibility (Sanchez et al. 2020). 
1.2.4. Nematode control strategies 
Due to its prevalence and impact on crop yields around the world, several strategies have 
been developed to combat nematodes. These can be categorized as prevention, biological 
control, cultural control and chemical control methods. Usually a combination of control 
methods is used in an integrated pest management system rather than a single one. 
1.2.4.1. Prevention 
An ounce of prevention is worth a pound of cure, as the saying goes. Prevention strategies 
focus on making sure that nematodes never reach their host plants. Even though nematodes 
are able to move through the soil, most never travel more than one metre within their lifetime 
(Lambert and Bekal 2002). However, nematodes can travel long distances due to water 
movement, either free in the water or hitchhiking on infected plant tissues such as seeds and 
bulbs. Nematodes are also easily dispersed by contaminated farm equipment and muddy 
shoes. Cleaning machinery and other farming gear is recommended but rarely practiced. 
Several nematode species are listed as quarantine species to prevent transfer from infected 





1.2.4.2. Biological control methods 
The most practical biological control is the use of cultivars that are resistant against 
nematode infection. Resistant cultivars are environmentally friendly, durable and cost-friendly 
ways to combat yield losses. However, it takes a long time to create resistant cultivars: first, 
cultivars need to be screened for resistance traits. Next, commercial cultivars are crossed 
with cultivars that show natural resistance and the progeny needs to be backcrossed in order 
to attain the resistance traits without losing the commercially attractive traits (Cook and Starr 
2006).  
Resistance to Meloidogyne species was conferred to the tomato species Solanum 
lycopersicum L. (formerly known as Lycopersicon esculentum Mill.) by backcrossing it with its 
wild relative Solanum peruvianum (formerly known as Lycopersicon peruvianum) (Liharska 
and Williamson 1997). Recently, a resistant response of in rice cultivar Zhonghua 11 to Mg 
infection was characterized, showing promise in its use for crop breeding (Phan et al. 2018). 
Due to the advent of genetic engineering by Agrobacterium-mediated transformation, 
resistance genes can now also be conferred directly into the genomes of commercial 
varieties.  
More recently, RNA interference (RNAi) techniques have been used to make nematode-
resistant crops. RNAi refers to the suppression of gene expression by having a small RNA 
molecule function as a guide for the RNA-induced silencing complex (RISC). Once the small 
RNA binds with a complementary mRNA molecule, the RISC degrades the mRNA strand 
resulting in gene silencing. This natural occurring phenomenon has been mimicked by 
creating transgenic plants that express double stranded RNA (dsRNA) out of which small 
RNAs are processed by Dicer proteins. These small RNAs are designed to target the 
transcripts of a specific gene of the nematode. While feeding, the small RNAs are taken up 
by the nematode, followed by the downregulation of the target gene.  
In 2006, RNAi has been successfully used for the first time to make tobacco plants more 
resistant to Meloidogyne incognita by transgenically expressing dsRNAs targeting a splicing 
factor gene and an integrase gene (Yadav, Veluthambi, and Subramaniam 2006). In the 
same year, transgenic Arabidopsis thaliana were made that expressed dsRNA targeting the 
parasitic 16D10 gene (Huang et al. 2006). This gene is common to four Meloidogyne species 
(M. incognita, M. javanica, M. arenaria and M. hapla) and its suppression conferred 
increased resistance in transgenic plants compared to wild type plants. Since then, a number 
of RNAi crops have been created with increased resistance to nematode infection, including 
soybean and potato (but not rice) (Dutta, Banakar, and Rao 2015). However, genetically 
modified plants are ill-accepted by the general public, which hinders their commercialization. 
Currently, no bio-engineered nematode-resistant rice varieties are commercially used. 
Another method of biological control is to use so-called biological control agents that are 
natural competitors, predators or pathogens of nematodes such as nematophagous fungi, 
endophytic fungi and bacteria (Viaene, Coyne, and Kerry 2006). Filamentous fungi such as 
Trichoderma, mycorrhizal and enophytic fungi can reduce the damage caused by PPNs by 
competing with PPNs for resources and space as well as by parasitism, paralysis and 
antibiosis (Poveda, Abril-Urias, and Escobar 2020). For example, Purpureocillium lilacinum is 
a well-known parasite of Meloidogyne incognita, parasitizing on the nematode eggs (Brand et 
al. 2004). The nematophagous fungi Lecanicillium psalliotae is also described to parasitize 
Meloidogyne incognita and its chitinase LPCHI1 was shown to degrade chitinous 
components of the nematode eggs (Gan et al. 2007). The bacterial parasite Pasteuria 
penetrans is able to infect at least 323 nematode species (Chen and Dickson 1998). In a 
greenhouse trial of cucumber, Pasteuria penetrans treatment reduced galling of Meloidogyne 
incognita using three different treatments (seed treatment, pre-transplant treatment and post-
transplant treatment) (Kokalis-Burelle 2015). The marine bacterium Bacillus firmus YBf-10 
was shown to be directly toxic to Meloidogyne incognita as well as to decrease the egg hatch 




S2, produces sphingosine which has nematicidal properties. It can also induce systemic 
resistance in tomato by upregulating defence-related enzymes (Gao et al. 2016).  
The downside of using biological control agents is that it is usually infeasible, from a financial 
and/or practical perspective, to grow sufficiently large amounts of these biological organisms 
for field use (Lambert and Bekal 2002). Their effectiveness is also very variable, as they are 
affected by environmental conditions such as soil type and temperature. 
1.2.4.3. Cultural control methods 
Cultural management for nematode infestation control encompasses a number of strategies. 
One of them is physical treatment of the soil. Steam injection is a long-practiced strategy to 
sterilize soil in heated glasshouses. It is effective but expensive and kills off all biota in the 
soil, including those beneficial for plant growth. It is also difficult to eliminate nematodes 
residing in deeper layers of the soil (Viaene, Coyne, and Kerry 2006).  
Another way to heat up the soil to combat nematode populations is through soil solarization 
(also termed solar heating or polyethylene mulching). The soil is moistened and covered with 
a polyethylene sheet in order to heat up the soil. Soil solarization for 4-6 weeks can bring soil 
temperatures up to 50 °C at depths up to 30 centimetres (Lamberti and Greco 1991). In field 
trials, soil solarization has been used successfully to reduce the populations of PPN species 
Ditylenchus, Heterodera and other species (Greco, Brandonisio, and Elia 1985). The control 
of Meloidogyne species was inconsistent in the field, even though successful control was 
achieved in greenhouse experiments (Barbercheck and Von Broembsen 1986; Cartia, 
Cipriano, and Greco 1989). One drawback is the large amount of time it takes for effective 
solarization. Another drawback is that the effects decrease with soil depth.  
Besides soil treatment, cultural management strategies include crop rotation, in which the 
growing of commercial crops is alternated with the growing of non-host crops such as 
resistant or antagonistic plants. An example are species of marigold (Tagetes spp.) that can 
successfully reduce populations of Meloidogyne spp. as well as other species (Viaene, 
Coyne, and Kerry 2006). Unfortunately, these crops usually have little commercial value, 
limiting their appeal. The wide host range of some nematode species such as Meloidogyne 
spp. further limits the effectiveness of crop rotation (Bernard, Egnin, and Bonsi 2017). Some 
leguminous species (Mucuna pruriens and Crotalaria spectabilis) have been found to 
produce root exudates inhibiting nematode development (Osei et al. 2010). 
1.2.4.4. Chemical control methods 
Nematode control by chemicals has been used since the 19th century. Globally about 250000 
tons of nematicides are applied per year. Half of that quantity is used to combat Meloidogyne 
species (Haydock et al. 2006). Nematicides are usually classified according to their mode of 
application as fumigants or non-fumigants. Fumigants are gaseous or liquid compounds 
which volatilize in the soil and are able to move through soil particles. When fumigants are 
absorbed, they are thought to disrupt biochemical pathways related to protein synthesis and 
respiration. Non-fumigants are formulated as either granules or liquids. When applied to the 
soil, non-fumigants hinder chemoreception and therefore the ability of nematodes to find their 
hosts. At high concentrations, they negatively impact nematode egg hatching and movement. 
Even though nematicides are effective, mounting environmental and safety concerns have 
led to decreased or outright banned nematicide use. Their toxicity is indiscriminate, which 
poses a risk for non-target organisms as well as the operator responsible for nematicide 
dispersal, especially in the case of gaseous fumigants. 
The fumigant methylbromide used to be very popular for pest control, not just for nematodes 
but also for fungi, weeds and insects. It is however highly toxic and volatile and human 
exposure could lead to damage to the eyes, lungs, skin and respiratory system. It was also 
classified as an ozone depleting agent leading to its discontinuation in the US in 2005. 




Agency as environmental toxins (Lambert and Bekal 2002). Only five chemical compounds 
currently registered as nematicides are approved for use in the European Union (Dazomet, 
Fenamiphos, Fosthiazate, Metam and Oxamyl). Three of them are classified as candidates 
for substitution (Fenamiphos, Metam and Oxamyl) (European Comission 2016). Given the 
high cost of development, new nematicides are rarely produced and they are only of practical 
use on high-value crops. 
A number of chemicals have also been evaluated for their potential to induce resistance in 
plants. The most well-known inducer of disease resistance is beta-aminobutyric acid (BABA), 
a non-proteinaceous amino acid. Application of BABA induces resistance against a broad 
spectrum of pathogens including RKNs in rice and tomato (Ji et al. 2015; Oka, Cohen, and 
Spiegel 1999). A downside is that BABA application can lead to growth stress and 
phytotoxicity symptoms (Cohen, Vaknin, and Mauch-Mani 2016). However, some BABA 
treatments have been found to induce resistance in tomato against Botrytis cinerea without 
adverse effects (Luna et al. 2016). 
It is clear that the devastating threat nematodes pose to crop yields has inspired a multitude 
of control strategies. Each of them has their benefits and drawbacks, which also depend on 
the properties of the nematode species. Especially the control of Meloidogyne species is 
challenging due to its wide host range and short lifecycle. Therefore, there is an ongoing 
drive of research looking for new ways to control nematode infection and development. In 
that light, a relatively new field of science has flourished focusing on cellular mechanisms 




The term epigenetics was coined by Conrad Waddington in 1942 (Waddington 1942a; 
1942b). He defined it as “a branch of biology which studies the causal interactions between 
genes and their products which bring the phenotype into being”. This is a very broad 
definition as there was little insight at the time into the mechanics that regulate the relation 
between genes and their products. Over the course of time, advances in technology, 
particularly next-generation sequencing techniques, enhanced our knowledge about these 
mechanics. Currently epigenetics is understood as “the study of changes in gene function 
that are mitotically and/or meiotically heritable and that do not entail a change in the 
sequence of DNA” (Armstrong 2014).  
The relevance of epigenetic mechanisms has become apparent in a multitude of scientific 
disciplines, both fundamental and applied. Since epigenetic patterns are able to change 
based on external and internal stimuli, such as environmental cues, nutrition and stress 
factors, they are relevant in scientific fields ranging from ecology to psychology (Alegría-
Torres, Baccarelli, and Bollati 2011). Particularly in cancer research, epigenetic mechanisms 
have become a heavily researched topic since epigenetic signatures have been found to 
have potential clinical importance, therefore providing an avenue for epigenetics therapies 
(Feinberg and Tycko 2004). In fact, cancer was the first human disease linked with 
epigenetics in 1983 (Feinberg and Vogelstein 1983). In comparison, epigenetic research in 
plants is lagging behind but a plethora of plant processes have been found to be influenced 
by epigenetic mechanisms such as growth, development and stress response (Yadav et al. 
2018).  
The epigenetic mechanisms that control changes in gene activity mainly operate by 
controlling how easily a gene can be accessed to create a transcript. It is therefore crucial to 
understand the physical structure of DNA. DNA is a polymer consisting of two strands that 
are both made up out of four nucleotides. Nucleotides have three components: a phosphate 
group, a deoxyribose group and one of four nucleobases (adenine, cytosine, thymine and 




phosphate group of one nucleotide and the sugar group of the next nucleotide. The 
nucleobases of both strands point towards each other forming hydrogen bonds, either 
between adenine and thymine or between cytosine and guanine. The strands are twisted, 
resulting in the iconic double-helix shape.  
Eukaryotic DNA is packaged into a structure called chromatin (Figure 1.3). Chromatin 
consists of DNA wrapped around octamers of proteins that are known as histone complexes 
and are made up out of two sets of four histone proteins (H2A, H2B, H3 and H4) as well as a 
linker protein H1. The combination of the wrapped DNA and the histone complex is known as 
a nucleosome which can be further packaged into a 30 nm wide string. The degree to which 
the chromatin is packed together is not uniform across the chromatin. Originally, chromatin 
was considered to exist in two states: loosely packed (euchromatin) and densely packed 
chromatin (heterochromatin). This distinction was first made in plants using cytological 
analyses (Heitz 1929). Heterochromatic regions tend to envelop areas with a relatively low 
number of genes such as the telomeric regions, centromeres and repetitive DNA sequences 
(Sullivan 2013).  
Since repetitive regions are often a source of transposable elements (TEs), the formation of 
heterochromatin has been proposed as a defence mechanism against the expression of TEs 
and their potential to inflict genomic damage (Slotkin and Martienssen 2007). The rice 
genome has a larger proportion of repetitive regions than Arabidopsis (40 % vs 26 %) (Gill et 
al. 2010; Thompson, Schmidt, and Dean 1996). Consequently, rice mutants that are deficient 
in the RNA directed DNA methylation (RdDM) pathway display stronger developmental 
abnormalities than Arabidopsis RdDM mutants (Huiming Zhang, Lang, and Zhu 2018). 
Details on the role of the RdDM pathway are provided in the next section. Euchromatic 
regions, on the other hand, tend to surround gene rich regions (Strålfors and Ekwall 2011). 
More recently, chromatin research is veering towards a chromatin model in which the 
chromatin exists in a continuum of accessibility states (Klemm, Shipony, and Greenleaf 
2019). It should be noted that the epigenetic mechanisms in plants are largely similar to 
those of animals, making epigenetic discoveries relevant for both systems (Pikaard and 
Scheid 2014).  
The density of chromatin determines the accessibility of the DNA for transcription factors, 
mediator complexes, polymerases etc., thereby regulating gene expression. Epigenetic 
mechanisms influence the density of chromatin enabling transcriptional control of gene 
expression. However, it is also possible to epigenetically control expression at the post-
transcriptional level. As the conformation of chromatin is crucial for transcriptional control, 
profiling of chromatin accessibility is of major importance. One of the techniques to elucidate 
chromatin accessibility is DNAse-sequencing (DNase-seq). This technique involves the 
digestion of chromatin with DNAse I (Song and Crawford 2010). Open chromatin regions will 
be more accessible and therefore preferentially targeted for DNase digestion. Afterwards 
trimmed nucleosome complexes are filtered out. The remaining DNA is extracted and 
sequenced. A more modern technique is the assay for transposase-accessible chromatin 
using sequencing (ATAC-seq). ATAC-seq requires less input material and is also less 
laborious than DNase-seq (Buenrostro et al. 2013). Unlike DNAse-seq, in ATAC-seq DNA is 
digested using transposase Tn5. This transposase has a high activity and has been modified 
so it both cuts open chromatin and ligates adapters simultaneously. This simplifies the 
creation of sequencing libraries (Buenrostro et al. 2015).  
There are three main epigenetic mechanisms: DNA methylation, histone modifications and 














1.3.2. DNA methylation 
1.3.2.1. Introduction 
A key mechanism of epigenetics is the modification of DNA by the methylation of carbon 5 of 
cytosine. Multiple mechanisms have been proposed to explain how DNA methylation affects 
gene transcription. The addition of a methyl group, which is hydrophobic, is thought to alter 
the shape of the DNA helix by widening the major groove and narrowing the minor groove 
(Carolina et al. 2014). The chromatin structure would therefore change, which affects the 
ability of transcription factors to reach their binding site.  
Another proposed mechanism is that DNA methylation enables direct selection of the 
transcription factors that are able to bind with the methylated DNA sequence (Armstrong 
2014). Some transcription factors are inhibited from binding to a methylated DNA sequence 
(Comb and Goodman 1990; Campanero, Armstrong, and Flemington 2000). Other 
transcription factors however are either insensitive to methylated DNA or even prefer binding 
methylated sequences (Zhu, Wang, and Qian 2016; Yin et al. 2017).  
A third mechanism are non-transcription factor proteins that specifically bind methylated 
DNA. Specifically, proteins with a methyl binding domain are able to bind methylated DNA 
and recruit chromatin remodeler proteins or histone modifying proteins (Bogdanović and 
Veenstra 2009; Du et al. 2015).  
DNA methylation in plants is distinct from animal DNA methylation as it occurs in CG (also 
known as CpG), CHG and CHH sequence contexts where H can stand for any nucleotide 
besides guanine. Animal DNA methylation on the other hand mostly occurs in a CG context 
(Yi 2017). Cytosine methylation is not universal, however, as some eukaryotes such as 
Drosophila, C. elegans and yeast show no cytosine methylation. This is attributed to the loss 
of methyltransferase proteins (although they are known to show adenine methylation) (Lee, 
Zhai, and Meyers 2010). 
In plants, de novo methylation in all sequence contexts is regulated by the RNA-directed 
DNA methylation (RdDM) pathway (Matzke and Mosher 2014). According to our current 
understanding of the canonical RdDM pathway (pathway 1 in Figure 1.4), which is mainly 
based on research in Arabidopsis, it starts with the recruitment of RNA POLYMERASE IV 
(POL IV) to an RdDM locus by SAWADEE HOMEODOMAIN HOMOLOGUE 1 (SHH1) 
resulting in the production of transcripts by POL IV mediated by chromatin remodeler SNF2 
DOMAIN-CONTAINING PROTEIN CLASSY 1 (CLSY1). These are converted by RNA-
DEPENDENT RNA POLYMERASE 2 (RDR2) into double stranded RNA (dsRNA) molecules. 
These dsRNA molecules are cleaved, mainly by DICER-LIKE PROTEIN 3 (DCL3) and to a 
lesser extent by DCL2 or DCL4, into small dsRNAs of 24 nucleotides (nts), known as small 
interfering RNAs (siRNA), which are methylated at their 3’ ends by HUA ENHANCER 1 
(HEN1). The 3’ methylation protects the dsRNAs from degradation via 3’ uridylation (Ji and 
Chen 2012).  
Next, the small dsRNA duplex dissociates, and one strand is loaded onto an ARGONAUTE 
(AGO) protein, usually AGO4 or AGO6. This complex pairs with a complementary sequence 
on a nascent transcript that is being produced by POL V. The AGO protein interacts with 
DOMAINS REARRANGED METHYLASE 2 (DRM2), which performs the actual DNA 
methylation. POL V is recruited to its target loci by DNA methylreaders SUPPRESSOR OF 
VARIEGATION 3-9 HOMOLOG PROTEIN 2 (SUVH2) and SUVH9. These interact with the 
DDR complex that comprises the chromatin-remodelling protein DEFECTIVE IN RNA 
DIRECTED DNA METHYLATION 1 (DRD1), DEFECTIVE IN MERISTEM SILENCING 3 and 
RDM1 (Law et al. 2010). 
The transcripts produced by POL V are held close to the chromatin to ensure accurate 
targeting by the AGO-siRNA complex. This fixation of the transcript is thought to be 




NOVO 2 (IDN2)–IDN2 PARALOGUE (IDP) complex (Ausin et al. 2012; C.-J. Zhang et al. 
2012). The IDP complex also interacts with the SWITCH/SUCROSE NONFERMENTING 
(SWI/SNF) chromatin-remodeling complex which is thought to enable transcriptional 
silencing by repositioning nucleosomes in and around the target locus (Zhu et al. 2013).  
Multiple variations on the canonical RdDM pathway have been described (Cuerda-Gil and 
Slotkin 2016). The observation that most RdDM loci remain methylated in a dcl1-dcl2-dcl3-
dcl4 quadruple mutant indicates the presence of a DCL independent RdDM pathway 
(pathway 2 in Figure 1.4) (Yang et al. 2016). Small RNAs of 24 or 21-22 nucleotides (nts) 
can also be generated with the combination of POL II and RDR6 instead of POL IV and 
RDR2, which tends to happen if the RdDM loci are transcriptionally active TEs. The 24 nt 
long small RNAs, produced by POL II and RDR6 were found to originate from TE mRNA that 
was cleaved by DCL3 (pathway 3 in Figure 1.4)(Marí-Ordóñez et al. 2013). The 21-22 RNAs 
produced by the POL II – RDR6 tandem are mainly cleaved by DCL2 and DCL4 as opposed 
to the canonical DCL3 (pathway 4 in Figure 1.4) (Nuthikattu et al. 2013). 
Maintenance of DNA methylation in plants is regulated by methyltransferase proteins which 
are specialized for each sequence context. METHYLTRANSFERASE 1 (MET1) maintains 
DNA methylation in the CG context. MET1 is an orthologue of the mammalian DNA-
METHYLTRANSFERASE 1 (DNMT1) (Zhang, Lang, and Zhu 2018). CHG methylation is 
mainly maintained by CHROMOMETHYLASE 3 (CMT3) and to a lesser extent CMT2 
(Lindroth et al. 2001). Methylation at CHH contexts is mostly maintained by DRM2 through 
constant de novo methylation via the RdDM pathway (Law and Jacobsen 2010). However, in 
heterochromatic regions where RdDM is inhibited, CHH methylation is regulated by CMT2 in 
an RdDM independent manner mediated by chromatin remodeler protein DECREASED DNA 






Figure 1.4 RdDM pathway, canonical and known variations. Adapted from reference (Zhang, Lang, and 
Zhu 2018). In the canonical RNA-directed DNA methylation (RdDM) pathway (pathway 1), RNA 
POLYMERASE IV (POL IV) generates non-coding RNAs (P4 RNAs) that serve as templates for RNA-
DEPENDENT RNA POLYMERASE 2 (RDR2)-mediated production of double-stranded RNAs, which are 
cleaved by DICER-LIKE PROTEIN 3 (DCL3), DCL2 and DCL4 to yield mainly 24-nucleotide small interfering 
RNAs (siRNAs). Subsequently, siRNAs are bound by ARGONAUTE 4 (AGO4) or AGO6 and pair with POL 
V-transcribed scaffold RNAs to recruit DOMAINS REARRANGED METHYLASE 2 (DRM2), which 
methylates (m) the DNA. POL IV is recruited to RdDM loci by SAWADEE HOMEODOMAIN HOMOLOGUE 1 
(SHH1), which binds dimethylated histone H3 lysine 9 (H3K9me2). The chromatin remodeller SNF2 
DOMAIN-CONTAINING PROTEIN CLASSY 1 (CLSY1) interacts with POL IV and is required for POL IV-
dependent siRNA production. The majority of RdDM targets remain methylated in the dcl1–dcl2–dcl3–dcl4 
quadruple mutant, implying DCL-independent RdDM may be mediated by DCL-independent siRNAs or 
directly by P4 RNAs43 (pathway 2). At some RdDM loci, POL II can produce 24-nucleotide siRNAs and 
scaffold RNAs45 (pathway 3). At some activated transposons, POL II and RDR6 collaboratively produce 
precursors of 21-nucleotide or 22-nucleotide siRNAs that mediate DNA methylation similarly to 24-
nucleotide siRNAs (pathway 4). AGO4 and/or AGO6 directly associate with POL V, and the association is 
enhanced by RNA-DIRECTED DNA METHYLATION 3 (RDM3). Production of scaffold RNAs by POL V 
requires the DDR complex, consisting of the chromatin remodeller DEFECTIVE IN RNA-DIRECTED DNA 
METHYLATION 1, DEFECTIVE IN MERISTEM SILENCING 3 and RDM1, which associates with both AGO4 
and DRM2 and may bind single-stranded methylated DNA. The DDR complex interacts with SUPPRESSOR 
OF VARIEGATION 3-9 HOMOLOGUE PROTEIN 2 (SUVH2) and SUVH9, which bind to pre-existing 
methylated cytosines and can recruit POL V. The retention of nascent POL V-transcribed RNA on the 
chromatin may be facilitated by the RNA-binding proteins RRP6-LIKE 1 (RRP6L1) and the INVOLVED IN 
DE NOVO 2 (IDN2)–IDN2 PARALOGUE (IDP) complex, which interacts with a SWITCH/SUCROSE 
NONFERMENTING (SWI/SNF) chromatin-remodelling complex. 
Methyl groups can be removed from DNA either passively or actively. Passive demethylation 
occurs if DNA maintenance mechanisms are inhibited. Without functional maintenance, DNA 
methylation will start to reduce after replication. For example, treatment with sulfamethazine 
(SMZ) reduces DNA methylation in Arabidopsis as SMZ reduces the level of S-
adenosylmethionine, which is a universal methyl donor for most methyltransferases (Zhang 




Active demethylation on the other hand involves enzymes known as DNA demethylases. 
These are 5-mC DNA glycosylases that can remove a methyl group from DNA by 
hydrolyzing the glycosylic bond between the base and the deoxyribose part of the methylated 
cytosine, after which the base is cut off from the nucleotide. This is followed by the creation 
of a gap in the sugar-phosphate backbone of the affected strand which triggers excision 
repair mechanisms that reinserts a new, unmethylated cytosine in the strand (Lee et al. 
2014; Martínez-Macías et al. 2012).  
The most well-known DNA demethylases are REPRESSOR OF SILENCING 1 (ROS1), 
TRANSCRIPTIONAL ACTIVATOR DEMETER (DME), DEMETER-LIKE PROTEIN 2 (DML2) 
and DML3. DME is active in the endosperm, demethylating specific maternal alleles but not 
their paternal counterparts, enabling the preservation of inherited epigenetic marks (Huh et 
al. 2008). ROS1 tends to target intergenic regions and TE loci that are near protein coding, 
leading to speculation that ROS1 creates DNA methylation boundaries by preventing DNA 
methylation in TE loci to spread to protein coding loci (Tang et al. 2016). ROS1 expression is 
reduced in Arabidopsis RdDM mutants, suggesting that there is a coordinated balance 
between methylation and demethylation with ROS1 functioning as an methylation thermostat 
(Lei et al. 2015; Williams et al. 2015). 
Typically, cytosine methylation in plants has been linked with gene repression if occurring at 
promoter regions or transcriptional start sites, whereas methylation of the gene body does 
not generally suppress gene expression (Bräutigam and Cronk 2018). Although most DNA 
methylation research focuses specifically on cytosine methylation, the methylation of adenine 
is another epigenetic modification that was originally found in bacterial DNA (Iyer, Zhang, 
and Aravind 2016). However, recent results have shown adenine methylation to also be 
present in mammalian and plant genomes (Wu et al. 2016; Zhou et al. 2018). Interestingly, 
whereas cytosine methylation is mainly associated with the repression of gene expression, 
adenine methylation in plants tends to correspond with gene activation (Liang et al. 2018; Q. 
Zhang et al. 2018). Lastly, also mRNA can be methylated at both cytosine as adenine 
residues. These methylation patterns affect diverse aspects of mRNA processing such as 
splicing events, polyadenylation and transport (Hu, Manduzio, and Kang 2019). 
1.3.2.2. Role of DNA methylation in plant defence 
DNA methylation has been reported to affect a wide range of plant processes, such as seed 
development, growth, ripening and the immune response (Zhang, Lang, and Zhu 2018). 
Here, we focus on DNA methylation as part of the plant response against biotic stress 
factors. Plants undergo changes in their DNA methylation patterns both during infection of 
pathogens as colonization of beneficial symbionts.  
DNA methylation plays a crucial role in resistance against pathogens. In Arabidopsis, nrpe1-
mutants display an increased resistance against the biotrophic pathogen Hyaloperonospora 
arabidopsidis (Hpa) (López Sánchez et al. 2016). NRPE1 is the largest subunit of POL V and 
therefore crucial in the RdDM pathway. Consequently, nrpe1-mutants show hypomethylation 
compared to their wild type leading to beneficial changes in the gene defence response. 
Concordantly, ros1-mutants display an increased level of DNA methylation and an increased 
susceptibility to Hpa. These findings are consistent with the observation that ros1-mutants 
showed a decreased resistance against Pseudomonas syringeae DC3000 multiplication in 
Arabidopsis (Yu et al. 2013). Research in Arabidopsis showed DNA hypomethylation 
adjacent to defence-related genes as well as in heterochromatic regions (Dowen et al. 2012; 
Pavet et al. 2006). This is further evidence of DNA methylation negatively regulating 
Pseudomonas resistance in Arabidopsis. 
However, the picture seems different in case of necrotrophic pathogens. Infection with the 
necrotrophic pathogen Plectosphaerella cucumerina in Arabidopsis led to hypomethylated 
mutants showing higher susceptibility and hypermethylated mutants displaying enhanced 




pathway, ago4-mutants of Arabidopsis show increased susceptibility to Pseudomonas 
infection, suggesting a broader role for AGO4 in the immune response (Agorio and Vera 
2007). Treatment of Arabidopsis with the flagellin-derived peptide flg22 triggers DNA 
demethylation leading to increased expression of resistance genes (Yu et al. 2013). 
Quantitative trait loci have been found in pericentromeric regions whose DNA methylation 
pattern control quantitative resistance in Arabidopsis against Hpa (Furci et al. 2019). Artificial 
demethylation in rice (Oryza sativa ssp. japonica), using DNA methyl transferase inhibitor 5-
azadeoxycytidine, led to the constitutive expression of Xa21g (Akimoto et al. 2007). The 
promoter region of this locus is methylated and not expressed in untreated plants. This 
constitutive expression upon 5-azadeoxycytidine treatment led to enhanced resistance 
against Xanthomonas oryzae pv. oryzae. Next to bacterial resistance, changes in DNA 
methylation also affect plant resistance against fungal pathogens. A triple ros1-dml2-dml3 
mutant showed increased susceptibility towards pathogenic fungus Fusarium oxysporum (Le 
et al. 2014). DNA hypomethylation has also been shown to occur both in Arabidopsis and 
soybean (Glycine max) upon infection with cyst nematodes (Rambani et al. 2015; Hewezi et 
al. 2017).  
1.3.3. Histone modifications 
1.3.3.1. Introduction 
Next to DNA methylation, expression can also be epigenetically regulated through 
modification of the nucleosome around which DNA is wrapped. Each histone in the 
nucleosome has N-terminal tails extending from the main nucleosome body which can be 
subject to addition or removal of a range of chemical groups. These modifications include 
acetylation, methylation, ubiquitinilation, phosphorylation, sumoylation, ribosylation and 
deamination and can occur on several positions of the histone tails (Figure 1.5) (Kouzarides 
2007). They can directly affect chromatin conformation and accessibility. Modifications on the 
same or nearby histone tails are also thought to work together in order to affect histone 
binding protein affinity and subsequent downstream effects. This hypothesis is known as the 
histone code (Lawrence, Daujat, and Schneider 2016). 
 
Figure 1.5 Scheme of a nucleosome with the possible histone tail modifications. (K = lysine, R = arginine, 




The most-studied modifications are acetylation and methylation of histone proteins. 
Acetylation involves a transfer of an acetyl group to the ε- amino group of a lysine side chain. 
The addition of the acetyl group removes the positive charge of the lysine side chain which 
diminishes the interaction with the negatively charged DNA, resulting in a less tightly 
wrapped and more open DNA conformation (Chua and Gray 2018). Histone acetylation is 
therefore mainly associated with transcriptional activation.  
The addition and removal of acetyl groups is respectively regulated by two enzyme groups, 
the histone acetyl transferases (HATs) and histone deacetylases (HDACs). HATs can be 
divided into five families based on their protein domain structure, namely the p300/CREB 
(cAMP-responsive element-binding protein)-binding protein (CBP) family, the TATA-binding 
protein-associated factor (TAF)II250 family, the general control non-repressible 5-related N-
terminal acetyltransferase (GNAT) family, the MOZ, Ybf2/Sas3, Sas2, and Tip60 (MYST) 
family, and the nuclear hormone-related HATs family. In rice specifically, there are eight 
HATs, of which three belong to the CBP family, three to the TAFII250 family and one each to 
the GNAT and MYST family (Liu et al. 2012). HDACs are divided into three families, the 
RPD3/HDA1 superfamily, SIR2 family, and HD2 family. These are all represented in rice with 
16 RPD3/HDA1 members, two SIR2 members and two HD2 members (Fu, Wu, and Duan 
2007).  
Histone methylation mainly involves the methylation of lysine side chains but is also known to 
occur on arginine residues (Bedford and Richard 2005). In contrast to acetylation, histone 
methylation does not alter the net charge of modified residues. However, it does increase 
their hydrophobicity potentially altering intra-or intermolecular interactions and may also 
influence the binding surfaces for the association of methyl binding proteins (Liu et al. 2010). 
A lysine residue can be methylated up to three times whereas arginine residues can be 
mono- or dimethylated, adding an additional layer of regulatory refinement as each level of 
methylation is recognized by a different set of proteins (Bannister and Kouzarides 2011).  
The effect of histone methylation also depends on the position of the methylated residue. In 
plants, methylation of lysine residues 4 and 36 of the H3 protein, abbreviated as H3K4me 
and H3K36me, is associated with active transcription (Barski et al. 2007). On the other hand, 
methylation of H3K27 and H3K9 are mainly considered to be repressive marks, for example 
targeting vernalization inhibitor Flowering Locus C (FLC). Enrichment of the FLC locus with 
H3K27 and H3K9 methylation leads to reduced expression allowing for flowering to occur 
(Bastow et al. 2004). More details on the mechanisms of FLC can be found in section 
1.3.4.2.1.  
Dimethylation of H3K9 (H3K9me2) is particularly interesting as it is associated with the DNA 
methylation process. The recruitment of POL IV to its target site is facilitated by SHH1 which 
in turn is able to bind with H3K9me2 marks (see Figure 1.4) (Law et al. 2013). Maintenance 
of CHG methylation also depends on H3K9me2 as this mark is recognized by CMT3 (Du et 
al. 2012). Knocking out H3K9me2 specific methyltransferases lead to reduced CHG 
methylation in Arabidopsis (Johnson, Cao, and Jacobsen 2002). Histone methylation is 
maintained by two enzyme groups that add and remove methylation groups. In rice, there are 
at least 37 lysine specific methyl transferases as well as eight arginine specific methyl 
transferases (Deng et al. 2016; Ahmad, Dong, and Cao 2011). Histone demethylases can be 
divided in two groups, LYSINE-SPECIFIC DEMETHYLASE 1 (LSD1) and Jumonji C (JmJC). 
Rice encodes 3 LSD1 and 20 JmJC homologs respectively (Deng et al. 2016). 
Histone modification patterns in rice depend on their genomic location. Euchromatic regions 
are enriched for H3K4me2, H3K4me3, H3K9ac and H4K12ac marks. Genes in 
heterochromatic regions have higher levels of H3K9me2 and H3K9me3 marks compared to 
genes in euchromatic regions (Yin et al. 2008). Li et al. created high-resolution maps of 
H3K4me2 and H3K4me3 patterns on chromosomes 4 and 10 of rice, discovering that genes 
that mainly contain H3K4me3 marks were more actively transcribed than gene loci that were 




contained H3K4me2 marks whereas 75.8 % of non-TE gene loci had H3K4me2 marks. 
Similarly, only 28.2 % of TE loci showed H3K4me3 marks compared to 79.1 of non-TE loci 
(Li et al. 2008). The lower abundance of these activating histone marks on TE is to be 
expected given the mutagenic and damaging abilities of TEs (Bourque et al. 2018). 
The expression of TE loci is also guarded by other histone marks. Downregulation of histone 
deacetylase OsSRT1 leads to the activation of TEs. An increase in H3K9ac marks was 
observed, coupled with a decrease in H3K9me2 marks. (Huang et al. 2007). Loss-of-function 
mutants of H3K9 methyltransferase SDG714 show enhanced transcription of retrotransposon 
Tos17 (Yong Ding et al. 2007). Other H3K9 methyltransferases were found to help repress 
retrotransposon expression as well (Qin et al. 2010). These observations indicate that, in 
addition to DNA methylation, TE expression is regulated by a balance of H3K9 acetylation 
and methylation. 
1.3.3.2. Role of histone modifications in plant defence 
Histone modification levels help to modify the immune response of plants, mainly by 
influencing the jasmonic acid and salicylic acid pathways which both are involved in plant 
defence. The examples given focus on the biotic stress responses of plants, though it should 
be noted that histone modifications are also responsive to abiotic stress stimuli such as heat, 
drought and salinity stress (Ueda and Seki 2020).  
In Arabidopsis the expression of histone deacetylase HDA19 is induced after treatment with 
plant hormones JA and ethylene as well as after infection with the fungal necrotrophic 
pathogen Alternaria brassicicola (Zhou et al. 2005). Overexpression of HDA19 conferred 
enhanced resistance against A. brassicicola by inducing expression of the transcription factor 
ETHYLENE RESPONSE FACTOR1, which activates PR proteins. A later study extends the 
functionality of HDA19 by showing that its expression is induced after infection with the 
biotrophic pathogen Pseudomonas syringae (Kim et al. 2008). The overexpression of HDA19 
also enhanced resistance to P. syringae as it physically interacts at the protein level with 
transcription factors WRKY38 and WRKY62, two negative regulators of plant basal defence. 
The interaction leads to the inhibition of activity of WRKY38 and WRKY62. HDACs are not 
always positive regulators of plant defence, however. In Arabidopsis, HDA6 is a negative 
regulator of the SA pathway, as hda6-mutants display an increased expression of SA 
responsive defence-related genes as well as enhanced resistance against hemibiotrophic 
pathogen P. syringae pv. tomato DC3000 (Pst DC3000) (Wang et al. 2017). Conversely, 
HDA6 is a positive regulator of the JA pathway as JA responsive genes were downregulated 
in a HDA6 mutant (Wu et al. 2008).  
Histone deacetylase AtSRT2 negatively regulates Arabidopsis defence as its downregulation 
results in increased expression of PR1 and enhanced resistance against Pst DC3000. 
AtSRT2 is hypothesized to suppress the SA pathway as expression of SA biosynthesis 
genes pad4, eds5 and sid2 were increased in atsrt2 mutants and decreased in atsrt2 
overexpression lines (Wang et al. 2010). In rice, the transcription of histone deacetylase 701 
(HDT701) is increased upon infection with fungal pathogen Magnaporthe oryzae and 
HDT701 overexpression resulted increased susceptibility to both M. oryzae 
and Xanthomonas oryzae pv oryzae (Xoo) (Ding et al. 2012). HDT701 is able to directly bind 
genes and regulate their transcription by altering histone H4 acetylation levels. Silencing of 
HDT701 on the other hand resulted in increased expression of defence-related genes, higher 
levels of reactive oxygen species after treatment with PAMP elicitors, and enhanced 
resistance against M. oryzae and Xoo.  
Next to these HDACs, a HAT was also shown to play a role in plant defence. A study by 
Singh et al, 2014 demonstrated that Arabidopsis plants that were exposed to abiotic stresses 
such as heat, cold or salt stress were more resistant to infection of Pst DC3000 compared to 
untreated plants. However, histone acetyltransferase1-1 mutants did not show any enhanced 




acetylation levels therefore are critical for plant stress response against a wide array of 
pathogens. Similarly, histone methylation levels are a key factor in the immune response. 
H3K9me1/2 demethylase JMJ27 negatively regulates the expression of defence-repressor 
WRKY25 in Arabidopsis. In a jmj27-mutant, the expression of WRKY25 is upregulated, the 
expression of PR genes compromised and the susceptibility against Pst DC3000 infection 
increased sevenfold (Dutta et al. 2017).  
Some histone demethylases in rice are also associated with defence. JMJ704 is a rice 
H3K4me2/3 demethylase found to play a positive role in rice immunity as the jmj704 mutant 
showed reduced resistance to Xoo infection. In jmj704, activating histone marks H3K4me2 
and H3K4me3 were enriched in negative defence regulators such as WRKY62 and 
NEGATIVE REGULATOR OF RESISTANCE (Hou et al. 2015). A rice histone demethylase 
that works in an opposite fashion is JMJ705, which is a demethylase that removes the 
expression inhibiting histone marks H3K27me2 and H3K27me3. Overexpression of JMJ705 
resulted in an increased removal of H3K27me3 marks of biotic stress-responsive genes such 
as peroxidase genes (pox5, pox8 and pox22), PR genes (pr5 and pr10) and genes involved 
in JA synthesis and signaling (eg. allene oxide synthase2 and lipoxygenase). JMJ705 
overexpression also induced enhanced resistance against Xoo (Li et al. 2013).  
Lastly, three histone methyltransferases (HMT) described to affect plant defence in 
Arabidopsis, ARABIDOPSIS HOMOLOG OF TRITHORAX, (ATX1), ASH-RELATED 1 
(ASHR1) and ASH1 HOMOLOG 2 (ASHH2), are all H3K4 methyltransferases. ATX1 is a 
positive regulator of plant immunity as atx1 mutants show a reduced expression of PR1 and 
a slightly increased susceptibility against Pst DC3000 infection (Alvarez-Venegas et al. 
2007). ATX1 is able to directly bind WRKY70, a transcription factor that functions both in the 
SA and JA pathway and functions as a mediator between the two pathways (Li, Brader, and 
Palva 2004). Both in ashr1 and ashh2 mutants, HK4me2 levels of the PR1 promoter 
decreased whereas susceptibility against Pst DC3000 increased, indicating that also ASHR 
and ASHH2 contribute to plant defence (De-La-Peña, Rangel-Cano, and Alvarez-Venegas 
2012). 
Some pathogens are able to interfere with histone modification processes, particularly 
histone acetylation, to promote their own proliferation. Soybean pathogen Phytophthora 
sojae produces the cytoplasmatic PsAvh23, which binds with ADA2, a subunit of the 
soybean Spt-ADA-Gcn5-Acetyltransferase (SAGA) complex. SAGA is a nucleosome-
acetylating modification complex that mediates acetylation levels of the histone H3 tail. 
Interaction between PsAvh23 and SAGA results in reduced H3K9ac levels of defence-related 
genes (Kong et al. 2017).  
However, pathogen-induced hyperacetylation also occurs: the Helminthosporium carbonum 
(HC) toxin is a cyclic tetrapeptide produced by the fungus Cochliobolus carbonum. HC toxin 
functions as an inhibitor of HDACs in both animals and plants, leading to reduced defence 
responses (Ransom and Walton 1997; Walton 2006). Similarly, depudecin, an eleven-carbon 
linear polyketide produced by the pathogenic fungus Alternaria brassicicola, inhibits HDAC 
activity and enables the necrotrophic lifestyle of the fungus in maize (Wight et al. 2009). The 
32E03 effector of cyst nematode Heterodera schachtii inhibits HDAC functionality in 
Arabidopsis. Specifically, effector 32E03 interacts with histone deacetylase HDT01, reducing 
its activity. HDT01 regulates the expression of rDNA loci. At low 32E03 levels, the resulting 
derepression of rRNA expression conferred a positive effect to H. schachtii development. At 
higher 32E03 levels, the RdDM pathway was activated, leading to increased DNA 
methylation of rDNA, rRNA silencing and hampered nematode development (Vijayapalani et 





1.3.4. Non-coding RNAs 
When the human genome was sequenced in 2001, researchers were puzzled by the fact that 
just ~1.5 % of the genome sequence encodes for proteins. There was no immediate 
explanation for what the rest of the DNA was doing, with some referring to it as “junk” DNA 
(Boland 2017). However, it gradually became clear that this part of the genome was active 
and has a regulatory role through genomic elements such as enhancer regions. It is also the 
source of RNA molecules that are transcribed from DNA but are not translated into proteins. 
Instead they have distinct regulatory functions shaping gene expression and ultimately the 
phenotype. These RNA molecules are known as non-coding RNAs (ncRNAs) and are found 
in all kingdoms of life (Tycowski et al. 2015; Stav et al. 2019; Burgess and Freeling 2014).  
A number of ncRNA classification schemes have been made taking into account length, 
function and mechanism of action (Srijyothi et al. 2018; D. Liu et al. 2017). This discussion 
will focus on regulatory linear ncRNAs in plants. Other ncRNAs such as housekeeping 
ncRNAs (ribosomal RNAs, transfer RNAs, small nuclear RNAs and small nucleolar RNAs), 
circular RNAs and piwi-interacting RNAs, which are animal specific, fall outside the scope of 
this discussion. Based on their size, regulatory linear ncRNAs are classified in two main 
groups: small RNAs and long non-coding RNAs. 
1.3.4.1. Small RNAs 
1.3.4.1.1. Introduction 
The group of small RNAs can be further classified based on their biogenesis, function and 
genomic location. A hierarchical classification system can be seen in Figure 1.6.  
 
Figure 1.6 Classification of small RNAs. Abbreviations: dsRNA, double-stranded RNA; hpRNA, hairpin 
RNA; miRNA, microRNA; NAT-siRNA, natural antisense transcript small interfering RNA; siRNA, small 




All types of small RNAs originate from a double-stranded RNA (dsRNA) precursor, which can 
come in two forms. Either the precursor is formed by a single RNA strand with inner 
complementarity forming a “hairpin” structure or by two single-stranded complementary RNA 
strands. In case of the former, the main group of hairpin-derived small RNAs are known as 
microRNAs (miRNAs) while in case of the latter, the small RNAs are termed small interfering 
RNAs (siRNAs). These are categorized based on function and biogenesis.  
While miRNA sequences are generally conserved, some miRNAs are present in just one or a 
few closely related species, in which case they are considered lineage-specific miRNAs. The 
length of miRNAs is usually 21 nts with some being 20 or 22 nts long. Heterochromatic 
siRNAs originate from repetitive regions in the genome, are usually 23-24 nts long and are 
associated with chromatin modifications, both DNA methylation and histone modifications, 
through the RdDM pathway (Borges and Martienssen 2015). Secondary siRNAs depend on 
other small RNAs for the processing of their precursor and are further divided as phased 
siRNAs (phasiRNAs) and trans-acting siRNAs. A phasiRNA originates from a precursor that 
is successively cleaved into multiple phasiRNAs while tasiRNAs are defined by their ability to 
bind distinct mRNA targets. Another siRNA type are natural antisense transcript siRNAs 
(NAT-siRNAs), originating from a dsRNA that is created by the hybridization of 
complementary but independently transcribed RNA molecules. If the loci of these RNA 
precursors overlap, the resulting siRNAs are considered cis-NAT-siRNAs. Otherwise they 
are classified as trans-NAT-siRNAs.  
It should be noted that these small RNA classes are not always mutually exclusive. For 
example, phasiRNAs are coined based on their biogenesis while tasiRNAs are coined based 
on their function. It is therefore possible that both the term phasiRNA and tasiRNA can apply 
to the same locus (Deng et al. 2018). Similarly, there is some evidence of overlap between 
heterochromatic and secondary siRNAs (Axtell 2013). All small RNAs are derived from a 
dsRNA precursor of which one strand is loaded on an AGO protein, enabling a number of 
downstream processes such as RdDM mediated DNA methylation (see section 3.2.1), 
mRNA translation repression or cleavage. However, the start of their biogenesis and their 
mechanism of action is distinct between the classes.  
The biogenesis of miRNAs starts with the POL II-mediated transcription of a single stranded 
primary miRNA (pri-miRNA) which forms a hairpin structure due to its self-complementarity 
(Figure 1.7a). The pri-miRNA is further processed by a DCL1 protein which is accompanied 
by HYPONASTIC LEAVES 1 (HYL1) and SERRATE (SE) proteins. HYL1 and SE assist 
DCL1 to accurately slice the pri-miRNA (Laubinger et al. 2008). The pri-miRNA is first 
processed into a pre-miRNA which is further sliced into a miRNA/miRNA* duplex. The duplex 
undergoes 2’-O-methylation on both 3’ ends to protect the duplex against 3’ uridylation and 
consequent degradation. One of the strands of the duplex is loaded onto an AGO1 protein 
which is then exported out of the nucleus (Bologna et al. 2018). The miRNA guides the 
AGO1 protein to its target by binding an mRNA with a complementary target site.  
Plant miRNAs are distinct from animal miRNAs in that they need near-perfect 
complementarity with their target to function. Animal miRNAs only require part of their 
sequence, the so-called seed region, to be complementary with its target. After binding, the 
target is either cleaved between positions 10 and 11 of the alignment or is translationally 
repressed by blocking translation machinery to bind with the mRNA (Axtell 2013). One way 
of translational inhibition is through mediation of ALTERED MERISTEM PROGRAM1 
(AMP1), which is an integral membrane protein of the rough endoplasmatic reticulum (Li et 
al. 2013). Transcripts that are targeted by miRNAs in Arabidopsis are prevented by AMP1 to 
be recruited by polysomes, inhibiting translation. In rice and Arabidopsis, a miRNA variant 
was found, called long miRNAs (lmiRNAs). As the name implies, lmiRNAs are slightly longer, 
24 nts, than canonical miRNAs which are usually 21 nts long. These lmiRNAs are processed 
from their precursors by DCL3 rather than DCL1 and loaded onto AGO4 rather than AGO1. 




methylation machinery such as DRM2 to their own loci or target genes (Wu et al. 2010). 
Heterochromatic siRNAs are produced as described previously when discussing the RdDM 
pathway (Figure 1.4 and Figure 1.7b).  
 
Figure 1.7 Biogenesis and modes of action of plant small RNAs. (a) A MIR gene is transcribed into a pri-
miRNA, which is sequentially processed into a pre-miRNA and a miRNA/miRNA* duplex. The duplex is 
methylated by HEN1, and the miRNA strand is loaded onto AGO1 in the nucleus. The miRNA-AGO1 
complex is transported to the cytoplasm and regulates target gene expression through transcript 
cleavage and/or translation repression. (b) Pol IV generates single-stranded siRNA precursors, which are 
converted into dsRNAs and processed into 24-nt siRNA duplexes. Methylated siRNAs are loaded into 
AGO4 in the cytoplasm and are transported to the nucleus, followed by the recruitment of these siRNA-
AGO4 complexes to Pol V transcripts. The subsequent recruitment of DRM2 catalyzes DNA methylation at 
RdDM target loci. (c) TAS or PHAS loci are transcribed into single-stranded RNAs that are targeted by a 
miRNA-AGO1/7 complex. The 5’ or 3’ cleavage fragment is protected by SGS3 and converted into dsRNA 
by RDR6. DCL proteins process these dsRNAs into 21- or 24-nt phasiRNAs. The 21-nt tasiRNAs, which 
are phasiRNAs from TAS loci, are primarily loaded onto AGO1 and guide transcript cleavage of their 
targets. Abbreviations: AGO, ARGONAUTE; AMP1, ALTERED MERISTEM PROGRAM 1; CBC, CAP-
BINDING COMPLEX; DCL, DICER-LIKE; DDL,DAWDLE; DRM2, DOMAINS REARRANGED METHYLASE 2; 
dsRNA, double-stranded RNA; HEN1, HUA ENHANCER 1; HST, HASTY; HYL1, HYPONASTIC LEAVES 1; 
Me, methylated; phasiRNA, phased siRNA; Pol, RNA polymerase; pre-miRNA, precursor miRNA; pri-
miRNA, primary miRNA; RdDM, RNA-directed DNA methylation; RDR2/6, RNA-DEPENDENT RNA 
POLYMERASE 2/6; SE, SERRATE; SGS3, SUPPRESSOR OF GENE SILENCING 3; siRNA, small interfering 
RNA; tasiRNA, trans-acting siRNA; TRN1, TRANSPORTIN 1. Adapted from reference (Yu et al. 2019). 
Secondary siRNAs are produced as a single-stranded RNA that is targeted and cleaved by a 
miRNA/AGO complex. The cleavage products are bound by SUPPRESSOR OF GENE 
SILENCING 3 (SGS3) which stabilizes them. SGS3 also recruits RDR6 which converts the 




duplexes which are used for AGO loading and subsequent target cleavage (Figure 1.7c) 
(Deng et al. 2018). The mechanisms of the biogenesis of NAT-siRNAs are still largely 
unknown. 
Recently a new functionality for smRNAs has been found. Liu et al. demonstrated in 
Arabidopsis that AGO1 is able to bind to chromatin and positively affect the expression of the 
bound genes which are mainly related to the jasmonate pathway. For successful binding the 
formation of AGO1/smRNA complexes and smRNA binding is required (Liu et al. 2018).  
Small RNAs are found in a plethora of plant processes ranging from paramutation, meiosis, 
root architecture, development and the plant stress response. An exhaustive review of the 
functions of small RNAs in plant processes is outside the scope of this discussion. Interested 
readers are referred to some excellent reviews discussing all aspects of plant small RNAs 
(Borges and Martienssen 2015; Axtell 2013). Instead, this discussion will focus on small 
RNAs at the interface of plants and parasitic nematodes. 
1.3.4.1.2. Role of small RNAs in plant defence against nematodes 
Most small RNA research concerning the interaction between nematodes and plants focuses 
on cyst and root-knot nematodes. In 2008, Hewezi et al. found that dcl and rdr mutants of 
Arabidopsis show reduced susceptibility to infection of cyst nematode H. schachtii. The same 
study also observed general downregulation of miRNAs at 4 days postinoculation (dpi) with 
14 of 16 tested miRNAs downregulated and 2 miRNAs unchanged in inoculated roots versus 
control roots. At 7 dpi seven miRNAs were upregulated, five were downregulated and four 
showed no difference in expression between inoculated and control roots (Hewezi et al. 
2008).  
More recently, expression changes of soybean miRNAs were studied in response to the 
soybean cyst nematode Heterodera glycines. Li et al. performed infection experiments on a 
resistant and a susceptible soybean cultivar (Hairbin xiaoheidou, SCN race 3 resistant; 
Liaodou 10, SCN race 3 susceptible) and found 101 miRNAs to be responsive to nematode 
infection, with a general trend towards downregulation. They also found 20 miRNAs to show 
different expression patterns between the cultivars (Li et al. 2012). A similar study found 60 
miRNAs to be differentially expressed across two soybean cultivars (SCN susceptible 
KS4607 and SCN HG Type 7 resistant KS4313N) over two timepoints after infection with 
cyst nematodes (7 and 35 days postemergence) (Tian et al. 2017).  
Over the last four years, the research focus has expanded, and a number of studies were 
also performed on root-knot nematodes. Expression of small RNA analysis during the early 
gall development of Meloidogyne javanica (M. javanica) in Arabidopsis revealed 
downregulation of 51 miRNAs out of 62 differentially expressed miRNAs. On the other hand, 
siRNAs that are associated with genomic repeats were upregulated (Cabrera et al. 2016). 
These siRNAs were mainly 22 or 24 nts long and were found to differentially accumulate at 
retrotransposons, primarily those of the Gypsi and Copia family. This accumulation was 
correlated with decreased transcription of these transposons (Ruiz-Ferrer et al. 2018).  
The effect of infection of another RKN, Meloidogyne incognita (M. incognita) was studied as 
well. Disruption of small RNA pathways appears to negatively interfere with M. incognita 
infection as ago1 and ago2 mutants in Arabidopsis show a reduced infection rate compared 
to their wild types. Infection experiments at two timepoints (7 and 14 dpi) revealed 10 
miRNAs that were differentially expressed in galls compared to uninfected roots at 7 dpi (5 
upregulated, 5 downregulated). At 14 dpi, 20 miRNAs were found to be differentially 
expressed (16 upregulated, 5 downregulated) (Medina et al. 2017).  
The same experimental setup was used for the discovery of siRNA clusters. These novel 
siRNA clusters were mainly classified as clusters coding for 23 or 24 nt long siRNAs, 
corresponding to the length of heterochromatic siRNAs. Some siRNA clusters that were 




They are speculated to play a regulatory role in gene expression through induction of the 
RdDM pathway (Medina et al. 2018). Although these studies implicate a large number of 
small RNAs to be involved in nematode-plant interaction, only a few have been functionally 
characterized, as shown in Table 1.1.  
Table 1.1 Functionally characterized miRNAs involved in plant-nematode interactions. * Downregulated 
during nematode-feeding site formation, upregulated during maintenance phase; ** Upregulated during 
nematode feeding site formation, downregulated during maintenance phase; *** Downregulated at 3 dpi, 
upregulated at 14 dpi.  
MiRNA Effect on plant defence Expression in galls vs 
uninfected roots 
Target Reference 
miR396 Positive regulator Time dependent (*) GRF1 and GRF3 (Hewezi et al. 2012) 
miR827 Negative regulator Upregulated NLA (Hewezi et al. 2016) 
miR858 Positive regulator Time dependent (**) MYB83 (Piya et al. 2017) 
miR159 Negative regulator Time dependent (***) MYB33 (Medina et al. 2017) 
miR319 Negative regulator Upregulated TCP4 (Zhao et al. 2015) 
miR172 Negative regulator Upregulated TOE1 (Díaz-Manzano et al. 2018) 
miR390 Negative regulator Upregulated 
Production of TAS3 
tasiRNAs 
(Cabrera et al. 2016) 
The miRNA miR396 negatively regulates the expression of GROWTH-REGULATING 
FACTOR 1 (GRF1) and GRF3. During infection of Arabidopsis with cyst nematode H. 
schachtii, the expression of miR396 is downregulated during the syncytium formation phase 
and upregulated during the maintenance phase. Overexpression of miR396 and consequent 
GRF1-3 downregulation resulted in reduced susceptibility to nematode infection and affected 
the syncytium size as well as nematode development. Therefore, miR396 is considered to be 
a positive regulator of plant defence and is recruited and suppressed by H. schachtii in order 
to facilitate syncytium formation (Hewezi et al. 2012).  
A miRNA functioning as a negative regulator of plant defence against H. schachtii infection in 
Arabidopsis is miR827. It is active in the syncytium during all sedentary stages of nematode 
development. Its target, NITROGEN LIMITATION ADAPTATION (NLA) is permanently 
suppressed in the syncytium. Overexpression of miR827 conferred increased susceptibility, 
while miR827 inactivation or overexpression of a miR827 resistant NLA construct lowered 
susceptibility. NLA is a ubiquitin E3 ligase and is proposed to positively regulate basal 
defence as its overexpression resulted in increased expression of PR genes (Hewezi et al. 
2016).  
An example of a positive regulator of plant defence is miR858, which silences the expression 
of MYB transcription factors. Overexpression of miR858 hampered H. schachtii parasitism, 
while reduced miR858 enhanced it. Concordantly, overexpression of its target MYB83 
increased plant susceptibility while a myb83 mutation resulted in less susceptible plants. 
MYB83 was found to be responsible for the expression of 1286 genes, which were enriched 
for genes involved in cell wall modification, sugar transport or other processes which are 
crucial for syncytium development (Piya et al. 2017).  
A few plant miRNAs involved in RKN infection response were also subject to deeper 
investigation. Medina et al. observed that a miR159abc mutant in Arabidopsis had a lower 
susceptibility towards infection by RKN M. incognita (Medina et al. 2017). They also found 
miR159 to accumulate in giant cells and their surrounding cells while being largely absent in 
other parts of the infected roots. At 3 dpi miR159 expression was downregulated while it was 
upregulated at 14 dpi. Concordantly, the target of miR159, MYB33, was induced at 3dpi and 
repressed at 14 dpi. How the miR159/MYB33 module influences the parasitism of M. 




An example of a miRNA as a negative regulator of plant defence against M. incognita 
infection is miR319 in tomato (Solanum lycopersicum) (Zhao et al. 2015). Overexpression of 
miR319 resulted in enhanced susceptibility and reduced JA levels. Overexpression of the 
miR319 target, TEOSINTE BRANCHED1/CYCLOIDEA/PRO-LIFERATING CELL FACTOR 4 
(TCP4), showed the opposite effect and enhanced plant resistance as well as increased JA 
levels. This observation agrees with the positive effect of TCPs on JA biosynthesis 
(Schommer et al. 2008).  
Lastly, two miRNAs have been studied specifically in the interaction between M. javanica and 
Arabidopsis. The highly conserved miRNA172 negatively regulates the transcription factor 
TARGET OF EARLY ACTIVATION TAGGED 1 (TOE1). During M. javanica infection miR172 
expression is upregulated and TOE1 expression is downregulated. Inactivation of miR172 
and induction of TOE1 expression resulted in a reduced number of galls and a reduction in 
giant cell size. Likely, repression of TOE1 expression is needed by M. javanica to alleviate 
the inhibitory effect of TOE1 on FLOWERING LOCUS T (FT). FT is a positive regulator of 
flowering but is also induced in galls and is necessary for proper gall formation (Díaz-
Manzano et al. 2018).  
The infection of M. javanica in Arabidopsis also induces the expression of miR390, which is 
involved in the biogenesis of tasiRNAs from the TAS3 locus. Consequently TAS3-derived 
tasiRNAs are also upregulated in galls. These tasiRNAs target auxin response factors ARF2, 
ARF3 and ARF4 and mediate their degradation. Mutants defective in miR390 or TAS3 
expression showed an inhibited gall and giant cell development (Cabrera et al. 2016). The 
miR390/TAS3 module is therefore considered necessary for proper gall formation through 
control of auxin response factors.  
1.3.4.2. Long non-coding RNAs 
1.3.4.2.1. Introduction 
Long non-coding RNAs (lncRNAs) are RNA strands that are longer than 200 nts and 
possess no coding potential. The majority of lncRNAs are transcribed by POL II and are 
polyadenylated. However, many lncRNAs also lack a polyA tail and can be circular in nature. 
In plants, lncRNAs can also be transcribed by POL IV and V as part of the RdDM pathway. 
Just like mRNAs, they can contain introns and are 5’ capped (Zhu et al. 2014). The 
expression of lncRNAs tends to be lower than mRNAs and very tissue specific, especially in 
rice (Zhang et al. 2014). The evolutionary conservation across species of lncRNAs is also 
lower compared to mRNAs (Nejat and Mantri 2018).  
LncRNAs are usually classified based on their proximity to protein coding genes, as long 
intergenic ncRNAs (lincRNAs), intronic lncRNAs, antisense lncRNAs (also known as long 
non-coding natural antisense transcripts or lncNATS) and promoter lncRNAs (Ariel et al. 
2015). Functionally however, lncRNAs are seen as either cis regulating, meaning they affect 
expression and functionality of genes near their own loci, or as trans regulating by 
(post)transcriptionally affecting expression at distant loci. 
In Arabidopsis, a prototypical example of a lncRNA working in cis is the regulation of 
FLOWERING LOCUS C (FLC), a gene involved in the repression of flowering. When 
expressed, FLC binds to the first intron of flowering locus T (FT), preventing transcriptional 
activation (Deng et al. 2011). Expression of FT is necessary for flowering to occur. During 
vernalization, two lncRNAs are induced at the FLC locus to inhibit FLC expression. One 
lncRNA, COLD INDUCED LONG ANTISENSE INTRAGENIC RNA (COOLAIR) is transcribed 
antisense to FLC while the other, COLDASSISTED INTRONIC NONCODING RNA 
(COLDAIR), is transcribed from the first intron of the FLC locus. COLDAIR recruits chromatin 
remodeler POLYCOMB REPRESSIVE COMPLEX 2 (PRC2) to its locus. PRC2 facilitates the 
deposition of H3K27me3 marks on the locus, silencing FLC and enabling flowering (Kim, Xi, 
and Sung 2017). Transcription of COOLAIR increases the repressive effect on FLC 




Another cis acting lncRNA is the long intergenic AUXIN-REGULATED PROMOTER LOOP 
(APOLO) lncRNA. The APOLO locus is located 5 kb upstream of the PINOID (PID) locus, 
which is a key regulator of polar auxin transport. The presence of auxin results in DNA 
demethylation and activation of the APOLO locus that is transcribed both by POL II and POL 
V. The demethylation also opens up the promoter region of the PID gene, which is in a 
closed chromatin loop. POL II transcribed APOLO transcripts recruit PRC1 while POL V 
transcripts are targeted by POL IV-derived AGO4-loaded siRNAs, triggering DNA 
methylation. PRC1 remodels the chromatin loop to a closed state that is stabilized by DNA 
methylation (Ariel et al. 2014).  
Newer models of lncRNA functionality also propose that lncRNAs can interfere with 
transcription of nearby genes, simply by the act of being transcribed themselves, for example 
through enhancer regions. Enhancers are genomic elements that bind transcription factors 
thus promoting transcription. The transcription of lncRNAs from these enhancer regions 
correlates positively with the expression of nearby genes, inspiring a model in which lncRNA 
transcription established a permissive chromatin state (Engreitz et al. 2016). In this model, 
lncRNA transcription may also negatively affect expression of nearby genes by blocking the 
binding of epigenetic machinery regulating DNA methylation, histone modifications and 
affecting nucleosome repositioning at promoter regions. In the RdDM pathway, lncRNAs are 
transcribed by POL IV as siRNA precursors. They also function as POL V transcribed 
scaffolds for siRNA targeting and subsequent DNA methylation (Figure 1.4).  
Another example of lncRNA cis activity is expression regulation by lncNATs. In Arabidopsis, 
mRNA expression of transcription factor HEAT SHOCK FACTOR B2a (HSFB2a) is 
negatively regulated by a lncNAT known as asHSFB2a. Overexpression of asHSFB2a leads 
to inhibition of HSFB2a expression and conversely HSFB2a overexpression resulted in 
reduced asHSFB2a expression (Wunderlich, Groß-Hardt, and Schöffl 2014). However, 
lncNATs can also be positive regulators of expression. In rice, mRNA expression of 
PHOSPHATE1;2 (PHO1;2), which encodes a protein involved in phosphate homeostasis, is 
positively correlated with the expression of antisense transcript cis-NATPHO1;2 (Figure 1.8c). 
Overexpression and downregulation of cis-NATPHO1;2 resulted in similar changes in 
expression of PHO1;2. The antisense transcript likely assists in the activation of PHO1;2, as 
the PHO1;2 promoter is insensitive to changes in phosphate levels whereas cis-NATPHO1;2 
expression is strongly upregulated under phosphate deficiency (Jabnoune et al. 2013). 
One of the main mechanisms lncRNAs use in trans regulation is by acting as target mimics 
(also termed target decoys). In that role, lncRNAs draw away small RNAs from their true 
targets by having a complementary target site, thereby alleviating repression of the true 
target. For example, the mRNA of the aforementioned PHO1;2 protein is targeted by miRNA 
miR399. However, under phosphate starvation conditions, lncRNA INDUCED BY 
PHOSPHATE STARVATION 1 (IPS1) is activated. IPS1 sequesters miR399 away from the 
PHO1;2 mRNA, inhibiting its repressive effect (Figure 1.8a and b) (Franco-Zorrilla et al. 
2007). LncRNAs are also known to interact with protein complexes and altering mRNA 
processing.  
The lncRNA ALTERNATIVE SPLICING COMPETITOR (ASCO) is able to interact with RNA-
binding proteins (RBPs), specifically nuclear speckle RNA binding (NSR) proteins, which 
perform alternative splicing in Arabidopsis. ASCO seems to act as a direct competitor for the 
true NSR targets, thereby altering their splicing profile. NSR proteins are mainly active in root 
meristems and control formation of lateral roots. Overexpression of ASCO leads to a 
decreased lateral root density in auxin treated plants, indicating a key role for ASCO in root 
development as auxin normally activates lateral root formation (Bardou et al. 2014). Another 
interaction between a lncRNA and an RBP was found in Medicago truncatula.  
The lncRNA EARLY NODULIN40 (ENOD40) interacts with MtRBP1, relocating it from 
nuclear speckles into cytoplasmatic granules, which is thought to affect nodule metabolism 




1 (HID1) was found to promote photomorphogenesis by negatively regulating 
PHYTOCHROME-INTERACTING FACTOR 3 (PIF3), a transcription factor serving as a key 
repressor of photomorphogenesis. HID1 is assembled in a large nuclear protein-RNA 
complex, which associates with the first intron of PIF3, inhibiting its transcription (Wang et al. 
2014). 
 
Figure 1.8 (a) miR399 can suppress expression of its target gene, PHOSPHATE2 (PHO2), to control 
phosphate homeostasis. miR399 is encoded by MIR399 genes, of which the primary transcripts are 
lncRNAs. (b) lncRNA IPS1 is induced under phosphate deficiency and acts as a target mimic for miR399 
to regulate phosphate homeostasis. (c) Cis-natural antisense RNA, cis-NATPHO1;2, can act as a 
translational enhancer for the expression of its sense gene, PHOSPHATE1;2 (PHO1;2), to control 
phosphate homeostasis in rice. Adapted from reference (Liu et al. 2015). 
1.3.4.2.2. Role of lncRNAs in plant defence 
The majority of functionally characterized plant lncRNAs are involved in housekeeping and 
developmental processes. However, a few studies have found lncRNAs that were responsive 
to stress stimuli, both abiotic and biotic. A total of 504 lincRNAs were found in poplar 
(Populus trichocarpa) to be responsive to drought stress of which two, lincRNA20 and 
lincRNA2752, were predicted to act as target mimics for ptc-miR476 and ptc-miR169 
respectively (Shuai et al. 2014). Heat treatment and powdery mildew infection of wheat 
resulted in the differential expression of 77 and 71 lncRNAs respectively. There were 23 
lncRNAs that responded to both treatments. Functional prediction indicated several lncRNAs 
to be precursors for miRNAs and siRNAs (Xin et al. 2011).  
After infection with Fusarium oxysporum, 15 lncNATs were differentially expressed in 
Arabidopsis as were 20 lincRNAs. RNAi lines of 5 of these 20 lincRNAs showed faster 
disease development and more severe disease symptoms (Zhu et al. 2014). In tomato, 1565 
lncRNAs were found to respond to infection with tomato yellow leaf curl virus. Two lncRNAs 
in particular, slylnc0195 and slylnc1077, were upregulated and implicated in target mimicry 
by targeting miR166 and miR399 respectively (Wang et al. 2015). In rice, 567 lncRNA were 
responsive to Xoo infection, of which 73 were coexpressed with 39 JA-related protein-coding 
genes.  
One lncRNA, ALEX1 was highly induced after infection and overexpression of ALEX1 
conferred enhanced resistance. The biosynthesis and signaling of JA-related genes was 




the JA pathway (Yang Yu et al. 2020). ELF18-INDUCED LONG-NONCODING RNA1 
(ELENA1) is a positive regulator of the immune response in Arabidopsis against Pst 
DC3000. Knockdown of ELENA1 resulted in a decreased expression of PR1 and enhanced 
susceptibility. ELENA1 can interact with transcriptional coactivator Mediator subunit 19a and 
enhance its binding to the promoter region of pr1 (Seo et al. 2017). So far, studies focusing 
on lncRNAs in the interaction between crops and nematodes are scarce. Li et al. found 565 
lncRNAs to be differentially expressed in tomato after infection with M. incognita, their 
function however remains to be discovered (Li et al. 2018). 
1.3.5. Interaction between epigenetic marks in plants 
While each epigenetic mechanism is able to influence gene expression they can also 
influence each other leading to an intricate interplay. Studies focusing on this interplay are 
scarce though with most studies singling out one epigenetic mark and correlating changes in 
that epigenetic mark to changes in either gene expression or chromatin conformation. The 
first indication that crosstalk between histone modifications and DNA methylation exists was 
the functionality of H3 methyltransferase KRYPTONITE. This H3 methyltransferase was 
found to control DNA methylation in a CHG context in Arabidopsis as a mutation in the KYP 
domain resulted in reduced CHG methylation (Jackson et al. 2002). At first the reverse did 
not seem to hold. Decreases in DNA methylation did not affect the deposition of H3K9 
methylation in Arabidopsis, suggesting a hierarchy in epigenetic marks with H3K9 
methylation preceding DNA methylation (Johnson, Cao, and Jacobsen 2002). However, later 
in 2002 another study claimed that DNA methylation did in fact precede histone modifications 
as ddm1 and met1 mutants showed reductions in H3K9 methylation (Soppe et al. 2002). 
Subsequent studies have proposed a loop model rather than a hierarchical model between 
DNA methylation and histone modifications. This would agree with observations in human 
cancer cells (Kondo 2009).  
Other examples of crosstalk exist: the members of the rice miR820 family negatively regulate 
the expression of the de novo methyltransferase DRM2 (Nosaka et al. 2012). In Arabidopsis, 
the histone deacetylase HDA6 is able to interact with both MET1 and histone demethylase 
FLD. If the functionality of HDA6 is inhibited, a reduction in cytosine methylation was 
observed (Liu, Luo, and Wu 2012). In rice JMJ703 is a histone demethylase that targets the 
retrotransposon Karma. Mutants deficient in JMJ703 expression showed increased 
H3K4me3 at the Karma locus as well as reduced DNA methylation. Other well-known 
examples of epigenetic marks working together in plants are the RdDM pathway and the 
deposition of H3K27me3 marks on the FLC locus through the lncRNAs COLDAIR and 
COOLAIR (see 1.3.2.1 and 1.3.4.2.1, respectively). 
As the first mentioned studies demonstrate, it is not straightforward to model the behaviour of 
epigenetic marks while taking interdependencies into account. Studies that measure multiple 
epigenetic marks usually combine the data by superimposing the epigenetic profiles on top of 
each other. This approach works well to show the outcome of the crosstalk but is not very 
suitable to capture the actual crosstalk that led to that outcome (Angarica and del Sol 2017). 
To the best of our knowledge there is no bioinformatic tool yet that is able to use all the data 
from the different layers and process them to obtain a system-wide understanding of their 
interaction and their effect on gene expression. One of the obstacles is that the data 
gathered for every layer is dependent on the software used. For example, peak callers can 
differ significantly in their peak assignments (Koohy et al. 2014). There are computational 
models proposed that combine many different tracks of repressive and activating histone 
marks with machine learning approaches (Cheng et al. 2011; Dong et al. 2012) that work 
fairly well but still only focus on the effect of histone modifications and do not take into 
account other epigenetic factors. The tool Segway can combine both histone modification 
data and DNA methylation. However, Segway focuses on the prediction of the chromatin 
structure instead of gene expression (Hoffman et al. 2012). Machine learning techniques can 




as proximity of epigenetic marks to gene loci and the intensity of the epigenetic marks. 
Ideally the model would also account for the assumptions that were made when acquiring 
data of the individual layers by their respective pipelines. 
1.3.6. Sequencing techniques used in epigenetic research 
For the analysis of epigenetic research multiple types of next generation sequencing 
techniques (NGS) are employed. All NGS techniques have the aim of providing hight-
throughput sequencing of genomic DNA or cDNA derived from RNA sequences but their 
sample preparation, sequencing and downstream analysis differs depending on the material 
that is used and the research question at hand. Those employed in this work are explained 
below. This section is not meant as an exhaustive review, but rather serves to provide the 
reader with a working knowledge to better understand the techniques used in the chapters to 
follow. 
1.3.6.1. RNA sequencing 
RNA sequencing has the aim of determining which genes are expressed under particular 
experimental conditions and whether or not their expression changes between those 
experimental conditions. To that end RNA is extracted from selected tissues. In this work 
those are primarily uninfected roots and galls. The extracted RNA is then purified, converted 
to cDNA and sent for sequencing. The extraction protocol differs depending on the type of 
RNA that is being researched. 
1.3.6.1.1. mRNA sequencing 
The RNA type of interest here are mRNAs coding for proteins. Therefore the RNA extraction 
protocol usually includes exclusion steps such as size exclusion, the use of oligo-d(T) 
primers or ribosomal RNA depletion, filtering out unwanted RNAs such as small RNAs or 
RNA molecules without a polyA tail such as ribosomal RNAs. This type of sequencing also 
has dedicated kits for library preparation and sequencing. 
1.3.6.1.2. Total RNA sequencing 
In this type of sequencing random hexamer primers are used during RNA extraction instead 
of oligo-d(T) primers. This is necessary when researching lncRNAs as not all lncRNAs have 
a polyA tail. Despite the term, often a ribosomal RNA depletion step is performed before 
sequencing to prevent wasting resources sequencing undesired RNA types. This type of 
sequencing also has dedicated kits for library preparation and sequencing. 
1.3.6.1.3. Small RNA sequencing 
Even though small RNA specific extraction protocols exist, sequencing of small RNAs is 
usually by done by using total RNA and putting the RNA gel. Small RNAs are cut out of the 
gel and sequenced. Dedicated library preparation kits to preferentially sequence small RNA. 
The objective is to quantify expression of miRNAs and different types of siRNAs. 
1.3.6.1.4. Degradome sequencing 
Degradome sequencing is a type of RNA sequencing with the specific aim of quantifying 
degraded mRNA products. In the context of this work it is used to investigate the cleavage 
activity of miRNAs. A miRNA/AGO-mediated cleavage of an mRNA molecule will result in 
two mRNA fragments, one with a 5’ cap but without a polyA tail, and another with a polyA tail 





Figure 1.9 Cleavage of an mRNA by a miRNA (LC Sciences) 
To specifically sequence the latter fragment, RNA molecules with a polyA tail are extracted 
with oligo-d(T) beads after which 5’ adapter ligation is performed using an adaptor specific 
for 5’ monophosphate (thereby excluding intact mRNA). These fragments are then reverse 
transcribed and eventually sequenced. As can be seen in Figure 1.9 an mRNA is cleaved 
where it is hybridized with the 10th and 11th nucleotide of the miRNA (Huntzinger and 
Izaurralde 2011). Given that plant miRNAs require near complete complementarity with its 
target potential target mRNAs and their target sites can be predicted (Huntzinger and 
Izaurralde 2011). The degradome sequencing data is used to verify if degraded fragments 
are enriched at the target site after mapping and therefore indicate miRNA activity. To 
visualize this enrichment, target plots (T-plots) are used (Figure 1.10). A T-plot displays the 
target site of a mRNA that is predicted to be cleaved by a miRNA and also shows, per 
position in the mRNA, peaks indicating the number of reads whose 5’ end maps on that 
particular position in the mRNA. The peak at the position where the miRNA is predicted to 
cut is drawn in red and labeled as cleavage site. T-plots also indicate the quality of the 
alignment and whether or not there is significant enrichment of degraded fragments at the 
predicted cleavage site compared to elsewhere in the mRNA by using a score value, 
category value and P-value. For more details on the calculations and interpretation of these 
values, see the CleaveLand manual which details the computational pipeline (Addo-Quaye, 
Miller, and Axtell 2009). 
 




1.3.6.2. DNA sequencing 
Two types of DNA sequencing are employed in this work: whole genome bisulfite sequencing 
and chromatin immunoprecipitation sequencing. 
1.3.6.2.1. Whole genome bisulfite sequencing (WGBS) 
The aim of WGBS is to quantify methylation levels of DNA at the cytosine level and their 
changes between experimental conditions. DNA is extracted from the relevant tissues and 
subjected to bisulfite treatment. This treatment will convert unmethylated cytosines to 
thymine residues while methylated cytosines are unaffected. After sequencing the reads are 
mapped by software that is able to tell which thymines were originally cytosines enabling the 
quantification of methylation per cytosine site. 
1.3.6.2.2. Chromatin immunoprecipitation sequencing (ChIP-seq) 
The aim of ChIP-seq is to determine which genomic regions feature specific histone 
modification and whether the level these histone modifications change between experimental 
conditions. To that end, chromatin is extracted and sheared. An antibody specific for a 
histone modification is then used to precipitate DNA-bound protein (Figure 1.11). The bound 
DNA is then coprecipitated, purified, and sequenced. After sequencing, down stream 
analysis is performed to determine which genomic regions are enriched for that histone 
modification and which regions change between experimental conditions. 
 
Figure 1.11 Chromatin immunoprecipitation procedure. Adapted from (Song, Zhang, and Huang 2015). 
1.4. Research questions 
In this work we aimed to answer the following research questions: 
• How does DNA methylation change in rice when infected with Mg? Is that change 
part of a PTI response? 
• How do histone modifications H3K27me3, H3K9me2 and H3K9ac change in rice 
when infected with Mg? 
• Which rice microRNAs can serve as reference genes for RT-qPCR experiments in the 
context of research related to rice immunity? 
• Which small RNAs and lncRNA are differentially expressed in rice when infected with 
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DNA hypomethylation has been reported in the pathogenic interaction between bacteria and 
Arabidopsis, yet it remains unclear whether this reflects a generally conserved plant immune 
response. We investigated the role of DNA methylation in a non-bacterial model of plant 
defence i.e. against parasitic nematodes. Rice and tomato treatments with nematode-
associated molecular patterns induced global DNA hypomethylation. The causal impact on 
susceptibility was further supported by chemical demethylation experiments in rice. Whole 
genome bisulfite sequencing of nematode-induced galls vs. control roots demonstrated 
massive genome-wide hypomethylation in galls in the CHH context, particularly in 
transposable elements and promoters, and showed a major but delayed effect on 
transcriptional activation. Finally, the relevance of CHH hypomethylation in plant defence 
was validated in CHH methylation mutants. Supported by previous bacterial studies, our 
results indicate that DNA hypomethylation is a generally conserved plant defence 
mechanism shaping the transcriptional response of pathogen associated molecular pattern 
(PAMP)-triggered immunity (PTI). 
2.2. Introduction 
There is mounting evidence that epigenetic mechanisms, such as DNA methylation, play an 
important role in plant development and response to adverse environmental conditions 
(Pikaard and Scheid 2014). In plants, de novo methylation is catalyzed by DOMAIN 
REARRANGED METHYLTRANSFERASE (DRM2) and maintenance is performed by three 
classes of enzymes: CG methylation is maintained by methyltransferase 1 (MET1), CHG 
methylation by plant-specific chromomethylases (CMT2 and CMT3) and CHH methylation by 
DRM2 or CMT2 depending on the genomic region (Chan, Henderson, and SE. 2005; Law 
and Jacobsen 2010; Zhang, Lang, and Zhu 2018). RNA-directed DNA methylation (RdDM) 
pathway, a plant specific small RNA triggered pathway guides DRMs to target sequences 
(Matzke and Mosher 2014). In the canonical RdDM pathway, RNA polymerase IV generates 
single-stranded RNA molecules, which are used as a template for RNA-DEPENDENT RNA 
POLYMERASE 2 (RDR2) to generate double-stranded RNA (dsRNA). 
In Arabidopsis, but largely conserved among plants (Haag and Pikaard 2011), these dsRNAs 
are trimmed by DICER LIKE 3 (DCL3) to 24 nt-siRNAs, methylated by HUA ENHANCER 1 
(HEN1), and loaded onto ARGONAUTE 4 (AGO4) of the RNA-induced silencing complex. 
DNA unwinds at the target site by the DNA-dependent RNA polymerase V (DDR) complex, 
upon which RNA polymerase V transcribes an RNA scaffold, which basepairs with AGO4-
bound siRNA, enabling DRM2 to establish de novo methylation (Matzke and Mosher 2014; 
Zhou, Palanca, and Law 2018). TEs can be part of RdDM as source of small-RNAs (Slotkin 
and Martienssen 2007; Lisch 2008; Zakrzewski et al. 2017). CHH methylation can also be 
facilitated by DECREASED DNA METHYLATION 1 (DDM1), catalyzed by CMT2, 
independent of RdDM (Zemach et al. 2013). Together, DDM1 and RdDM synergistically 
mediate the majority of transposon methylation and methylation-dependent regulation of 
gene expression in Arabidopsis (Zemach et al. 2013).  
DNA methylation controls many genes involved in key processes in plants (Law and 
Jacobsen 2010; Deleris, Halter, and Navarro 2016). Plant immunity comprises two tiers, 
pattern triggered immunity (PTI) and effector triggered immunity (ETI). PTI is triggered when 
the presence of a pathogen associated molecular pattern (PAMP) or a damage-associated 
molecular pattern (DAMP) is perceived by pattern recognition receptors (PRR). The second 
layer is triggered by pathogen-secreted effector molecules that target PTI suppression, yet 
can be recognized by nucleotide binding leucine rich repeat proteins, resulting in isolate-
specific defence responses (Jones and Dangl 2006; Zipfel 2014).  
DNA methylation was suggested to be involved in plant immune response to bacterial 
pathogens. Infection of Arabidopsis with bacterial pathogen Pseudomonas syringae pv 





genes (Pavet et al. 2006) and at (peri)centromeric regions while methylation-deficient 
mutants are less susceptible to this pathogen (Pavet et al. 2006). Hypomethylated 
Arabidopsis mutants are more resistant to oomycete biotrophic pathogen Hyaloperonospora 
arabidopsis, but not to necrotrophic pathogen Plectosphaerella cucumerina (López Sánchez 
et al. 2016). An Arabidopsis triple mutant in DNA demethylases (rdd: ros1/dml2/dml3) 
showed increased susceptibility to infection by Fusarium oxysporum through deregulation in 
expression of TE containing defence related genes (Le et al. 2014).  
Most studies so far have focused on the model plant Arabidopsis, while studies on other 
plants are lagging behind. In rice chemical demethylating agents were found to reduce 
susceptibility towards Xanthomonas oryzae pv. oryzae (Akimoto et al. 2007). These results 
suggest a role for DNA methylation in plant defence, though only aboveground tissues were 
investigated. It remains unclear whether this process works across multiple tissue types and 
genome-wide, whether it is involved in PTI and/or ETI, or whether the reported methylation 
changes are merely the consequence of targeted effector-based manipulation of the PTI 
response. Moreover, the functional genomic context, cytosine context and relationship to TE 
expression remains to be elucidated. Treatment of Arabidopsis with flg22, a bacterial PAMP, 
induces hypomethylation in Arabidopsis, and restricts bacterial propagation (Yu et al. 2013), 
which suggests hypomethylation to be a PTI response. If true, one would expect a broad 
range of inducing pathogens/PAMPs, as well as evolutionary conservation, and a tissue-
independent response. 
Here, we focus on the impact of a belowground pathogen, parasitic nematodes, on the 
monocotyledonous model plant rice (Oryza sativa). The root knot nematode, Meloidogyne 
graminicola (Mg), is one of the most damaging nematodes attacking monocots (Bridge, 
Plowright, and Peng 2005). Moreover, we evaluate whether we see similar effects in tomato 
in interaction with the most damaging root knot nematode that attacks dicots, Meloidogyne 
incognita (Mi). Generally understudied due to their belowground symptoms, parasitic 
nematodes cause major yield losses, certainly in crops like rice (Bridge, Plowright, and Peng 
2005) and tomato (Sasser and Carter 1985). Sedentary cyst and root-knot nematodes 
maintain an intimate biotrophic relationship with their host, during which a specialized feeding 
site is formed (syncytia and galls respectively).  
Detailed mRNA and small RNA-sequencing efforts have demonstrated activation of 
epigenetic mechanisms upon nematode infection (Hewezi et al. 2008; Li et al. 2012; Ji et al. 
2013; Portillo et al. 2013; Cabrera et al. 2016; Medina et al. 2018) and accumulation of 
heterochromatic 24 nt-siRNAs, which were found to be associated with hypermethylation of 
TEs and gene promoters in syncytia (Tarek Hewezi et al. 2017). However, whole-genome 
bisulfite sequencing on soybean roots infected with Heterodera glycines revealed 
overrepresentation of hypomethylated regions and it is currently unknown whether DNA 
methylation changes are elicited by the pathogen or are part of a plant defence response 
(Rambani et al. 2015). A recently discovered nematode-PAMP (nematode-associated 
molecular pattern, or NAMP) called ‘Nemawater’, activates an early PTI response in plants, a 
phenomenon which is correlated with H2O2 accumulation (Mendy et al. 2017; De Kesel et al. 
2020). Evaluating the impact of nematode infection but also Nemawater on DNA methylation 
in plant roots may shed light on the question whether hypomethylation is a general plant 
defence mechanism or a consequence of pathogen effectors that induce feeding site 
formation. 
Here, we investigated the role of DNA methylation in the interaction between host plants and 
parasitic nematodes. Treatment of rice and tomato with different NAMPs from nematodes 
with varying lifestyles provides the first insight into the role of DNA hypomethylation in the 
PTI response upon nematode attack in roots. We also provide evidence that a similar 
hypomethylation response is induced upon application of bacterial PAMP flg22. By further 
focusing on the interaction between rice and Mg, by whole genome bisulfite sequencing, 





provide detailed insights in the genomic contexts targeted by hypomethylation and evidence 
for a causal impact of DNA hypomethylation on plant defence against nematodes. 
2.3. Materials and Methods 
2.3.1. Plant growth and treatments 
Oryza sativa L. cv. Nipponbare (GSOR-100, USDA) seeds were germinated for 5 days in 
darkness at 30 °C, after which they were transferred to synthetic absorbent polymer (SAP) 
substrate in polyvinylchloride (PVC) tubes (Reversat et al. 1999) and grown at 28 °C (16 h 
light/8 h darkness). Two-week-old plants were inoculated by 250 second stage juvenile (J2) 
of Meloidogyne graminicola (Mg) per plant or mock-inoculated with water as a control. After 
36 h, they were transferred to 50 % Hoagland solution in glass tubes to synchronize 
infection. This process washes away nematodes that have not penetrated the rice roots yet 
and thus synchronizes infection in the plants, thereby reducing variability. Three days later, 
galls of infected plants and roots tips of control plants were harvested and frozen in liquid 
nitrogen. 
Tomato seeds (cv. Moneymaker) were germinated in potting soil at 24 °C. Two-week-old rice 
and tomato (Moneymaker) plants were sprayed and root-drenched in NAMP (see below) or 
PAMP (1 µM flg22, Eurogentec) or water as mock-treatment under hydroponic conditions for 
36 h, after which they were washed and transferred to 50 % Hoagland solution. A sterile 
culture of Pratylenchus zeae (Pz) was maintained on carrot disks. A culture of Meloidogyne 
incognita (Mi) and one of Mg was maintained on susceptible host plants in potting soil. Rice 
plants were treated with NAMP obtained from Mg or Pz, whereas tomato plants were treated 
with NAMP obtained from Mi. NAMP (Nemawater) was prepared by shaking about 30,000 J2 
nematodes in 150 mL of water (100 rpm) overnight at room temperature and subsequent 
filter sterilization of the supernatant through a 0.22 µm filter (Mendy et al. 2017; De Kesel et 
al. 2020). J2 nematodes have a length ranging from 350 to 510 µm and a maximum body 
width ranging from 12 to 17 µm (Mantelin, Bellafiore, and Kyndt 2017; Salalia et al. 2017). 
In one experiment, we first sterilized the nematodes using four antibiotics (Carbenicillin, 
Gentamycin, Kanamycin and Spectinomycin, each 200 µg/mL) plus Hospital Antiseptic 
Concentrate (3.3 µL/mL) for one hour, after which the nematodes were thoroughly rinsed. 
2.3.2. ELISA-based global DNA methylation assay and H2O2 quantification 
For the ELISA-based tests, DNA from 3 dpi galls or 3 days post treated plant roots with 
NemaWater and their corresponding control samples was extracted using the CTAB method 
(Doyle and JL. 1987) and quantification was performed using NanoDrop 2000 (Thermo 
Fisher Scientific). Global DNA methylation was quantified using the 5-mC DNA ELISA kit 
(Zymo Research) using highly specific 5-mC antibodies for any DNA context (CG, CHG or 
CHH) according to the manufacturer’s protocol. For each treatment at least 10 biological 
replicates were measured, with two technical replicates for each. One biological replicate 
was composed by extracting DNA from the pooled material of at least 20 individual plants.  
H2O2 measurements were performed as previously described (Khanam et al. 2018). As for 
ELISA based assay, plants were sprayed and root drenched by NemaWater, after 36 h were 
transferred to 50 % Hoagland solution, and after an additional 36 h were harvested. For each 
treatment, 4 biological replicates (pool of 5 plants) and 2 technical replicates were measured. 
2.3.3. Infection assays on RdDM mutants and 5-Azacytidine treated plants 
Thirteen-day-old rice plants were sprayed with different concentrations of 5-Azacytidine, 
while control plants were mock-sprayed with water, both solutions contained 0.02 % (v/v) 
Tween 20 as a surfactant (Latzel, Rendina González, and Rosenthal 2016; Puy et al. 2018; 





Rice mutants were kindly provided by other laboratories: dcl3a and dcl3b mutants by Cao’s 
lab (Song et al. 2012), ago4a/b mutant by Qi’s lab (Wu et al. 2010), drm2 and ddm1 double-
mutant by Zhou’s lab (Tan et al. 2016) and waf1 mutant by Itoh’s lab (Abe et al. 2010). These 
mutants do not have a root growth phenotype.  
Two-week-old plants were inoculated and two weeks later were harvested and the root 
system was stained by boiling in 0.013 % acid fuchsin for 3 minutes. The number of galls and 
nematodes were counted under a stereomicroscope SMZ1500 (Nikon). 
2.3.4. DNA extraction, library preparation and whole genome bisulfite sequencing 
(WGBS) 
About 200 mg of 3 dpi Mg galls collected from about 100 plants and corresponding control 
root tip material were ground to a fine powder by mortar and pestle in liquid nitrogen. For 
both galls and root tips (3 biological replicates per condition), DNA was extracted using the 
DNeasy plant mini kit (Qiagen) according to manufacturer’s instructions and dissolved in 
DNase free water. DNA concentration was quantified using Quant-it PicoGreen dsDNA 
Assay kit (Thermo Fisher Scientific) and 100 ng of DNA per sample was sheared to 400 bp 
fragments using Covaris S2 Focused-ultrasonicator. Sonicator settings were: duty cycles of 
10 %, intensity of 4, cycles/burst of 200 for 65 s. Fragmented DNA was cleaned and 
concentrated using the DNA clean and concentrator kit (Zymo Research). Bisulfite 
conversion was performed by the EZ DNA methylation Gold kit (Zymo Research). Bisulfite 
conversion efficiency was evaluated by spiking each sample with Lambda unmethylated 
DNA (0.5 % of total DNA in sample) prior to shearing, leading to an efficiency estimate of > 
99 % for all samples (Supplementary table 2.1). Size distribution was verified using the high 
sensitivity DNA chip of Bioanalyzer 2100 (Agilent technologies). 
The preparation of 6 sequencing libraries (3 gall samples and 3 root tip samples) from 
bisulfite-converted DNA was performed using Accel-NGS Methyl-Seq DNA library kit 
according to manufacturer’s instructions (Swift Biosciences). DNA quality was checked again 
using the high sensitivity DNA chip of Bioanalyzer 2100 (Agilent technologies). After gel 
purification, qPCR was performed to determine the concentration of each sample. A 2.1 pM 
library was loaded on the flow cell, and sequenced using an Illumina NextSeq 500 (single 
end, 76 cycles).  
2.3.5. WGBS data analysis 
Reads were trimmed with Trim Galore (version 0.4.0) using default settings. Trimmed reads 
were mapped against the Oryza sativa subsp. Japonica cv. Nipponbare reference genome 
(build MSU7.0) with the Bismark software (version 0.18.1_dev) using the following 
parameters: --bowtie2; -q; -un; --score_min L,0,-0.3; -p 4 (Krueger and Andrews 2011). 
Resulting SAM files were converted to BAM format and sorted. Files were demultiplexed 
using samtools (version 1.3). Duplicate reads were removed using Picard (version 1.119). 
Per sample, coverage files containing methylated and unmethylated read counts were 
extracted per cytosine using the Bismark (Krueger and Andrews 2011) methylation extractor 
for every cytosine context, imported in R (version 3.5.0) with the read.bismark function 
(bsseq package, 1.18.0) using the following parameters: rmZeroCov = TRUE and 
strandCollapse = FALSE, and used as input for dmrseq (version 1.0.14) (Korthauer et al. 
2019) to identify differentially methylated regions (DMRs) per cytosine context (3 gall vs. 3 
uninfected root tips). Default settings were used except when mentioned otherwise. 
Cytosines without any read in any sample were filtered out before analysis. DMRs with an 
FDR (Benjamini-Hochberg procedure) < 0.05 were considered significant. Promoters were 
defined as regions 2000 bp upstream of the transcription start site. The Rice Annotation 
Project-Database (RAP-DB) IDs of these gene lists were used as input for gene ontology 
overrepresentation tests by PANTHER (Mi et al. 2017). Gene ontology analysis was 





overlap with DMRs through their promoters, the ‘gene body set’ containing all genes that 
exclusively overlap with DMRs through their gene bodies and the ‘combination set’ 
containing all genes that overlap with DMRs through both promoter and gene body regions. 
MapMan 3.5.1R2 pathway analysis was performed on these lists by means of Wilcoxon 
Rank-Sum tests. 
2.3.6. RNA-sequencing data analysis 
Differentially expressed genes in 3 dpi and 7 dpi Mg galls versus uninfected root tips were 
already available (Kyndt et al. 2012) from previous research by our group under similar 
experimental conditions using an mRNA sequencing library kit that selects for RNAs with 
polyA tails. The dataset (GEO accession number PRJNA151855) was re-analysed to monitor 
TE-expression profiles. Reads were trimmed with Trimmomatic (version 0.36) (Bolger, 
Lohse, and Usadel 2014) and mapped against the Oryza sativa subsp. Japonica reference 
genome (build MSU7.0) using STAR (version 2.5.2a) (A Dobin et al. 2013). Only uniquely 
mapped reads were kept for further analysis. BAM files of multiplexed samples were merged 
using samtools (version 1.3). Count tables were generated by the summarizeOverlaps 
function in the GenomicAlignments R package (version 1.16.0) (Lawrence et al. 2013). 
Differential expression analysis was performed using the DESeq2 package (version 1.20) 
(Love, Huber, and Anders 2014) with TE annotations found in the Rice Transposable 
Element database (Copetti et al. 2015). TEs with an FDR < 0.05 were considered 
differentially expressed compared to the control group (uninfected root tips). Significance of 
the expression trends of gene sets differentially expressed at 3 or 7 dpi was ascertained by 
two-sided binomial tests with a success probability (under the null hypothesis) of 0.5. 
2.3.7. Association between DMRs and genomic regions 
To assess significance of overlap between DMRs, gene bodies and TEs, the regioneR 
package (version 1.14.0) was used (Gel et al. 2015). Permutation tests were performed 
whereby promoter regions, gene body regions and TE regions were randomly scattered 
across the genome and the number of overlaps with DMRs was counted. Enrichment of 
differentially expressed genes and TEs at either 3 dpi or 7 dpi in the DMRs was also 
assessed. To account for association bias between genes or TE classes with DMRs, per 
permutation, a set of genes/TEs of equal size to the set of differentially expressed genes was 
randomly selected from the total set of rice genes/TEs and the overlap with DMRs was 
counted. Similarly, enrichment of hypomethylated TEs in gene promotors was assessed: a 
set of TEs of equal size to the set of hypomethylated TEs was randomly selected from the 
total set of rice TEs and the overlap with gene promotors was counted. For all tests, 1000 
permutations were performed to create a null-distribution, and a P-value significance 
threshold of 0.05 was maintained. Gene ontology analysis was performed with AgriGO2, in 
Singular Enrichment Analysis mode, using all rice genes as a reference background. GO 
visualization was done using REVIGO (Supek et al. 2011; Tian et al. 2017). 
2.3.8. RT-qPCR and Chop-qPCR 
Mg galls and corresponding control root tips at 3 dpi and 7 dpi were collected for three 
biological replicates each. RNeasy Mini Kit (Qiagen) was used to extract RNA from root 
samples following the manufacturer’s protocol by additional sonication after adding RLT 
buffer. RNA was quantified using NanoDrop 2000 (Thermo Fisher Scientific). First strand of 
cDNA was synthesized using Tetro Reverse Transcriptase (Bioline). Quality of cDNA was 
checked using reference genes by PCR. All RT-qPCRs were performed in triplicate. qPCR 
conditions consisted of an initial denaturation at 95 °C for 10 min, followed by 50 cycles of 
denaturation at 95 °C for 25 s, annealing at 58 °C for 25 s and extension at 72 °C for 20 s. 
The obtained data were analyzed using software REST 2009. Expression data were 
normalized using data of two reference genes (Kyndt et al. 2012). The relative expression 





For Chop-qPCR, DNA was extracted with CTAB as described above. The Chop protocol of 
Dasgupta and Chaudhuri (2019) was followed using AluI or DdeI and a digestion time of 1 h, 
after which qPCR was executed using identical conditions as described above (Dasgupta 
and Chaudhuri 2019). 
Primers used in this study are listed in Supplementary table 2.2. 
2.3.9. Data availability 
Data generated in this study were deposited in Gene Expression Omnibus under accession 
number GSE130064. Gene and transposable element expression data were obtained with 
published datasets (accession number PRJNA151855, specifically samples with accession 
numbers GSM876135 - GSM876140 and GSM876145 - GSM876150). 
2.3.10. Further statistical analyses 
For further statistical analyses, SPSS (Version 25, IBM, USA) and R CRAN (3.5.0) were 
used. where relevant, normality of data was checked using a Kolmogorov-Smirnov test (α = 
0.05) and homoscedasticity using the Levene test (α = 0.05). Where necessary, non-
parametric test Mann-Whitney was applied. 
2.4. Results 
2.4.1. DNA hypomethylation is part of a PTI response upon root-knot nematode 
infection 
First, we investigated methylome changes in rice roots upon infection by root-knot nematode 
Mg. An ELISA-based experiment was conducted on galls and corresponding uninfected root 
tips 3 days post inoculation (dpi), a time point where early giant cell formation is observable 
in rice (Mantelin, Bellafiore, and Kyndt 2017). The analyses showed strong hypomethylation 
in galls induced by nematodes (Figure 2.1a).  
We hypothesized that hypomethylation is a general plant defence response, rather than 
being instigated by the nematode. To prove this hypothesis, 5-Azacytidine, an inhibitor of 
DNA methyltransferases, was sprayed (Gonzalez et al. 2016; Latzel, Rendina González, and 
Rosenthal 2016; Puy et al. 2018; Münzbergová et al. 2019) on plants 24 h before nematode 
inoculation. To rule out direct effects on the nematodes, we executed foliar application. Note 
that Puy et al, 2018 showed that spraying 5-Azacytidine has the same efficiency as seed 
treatment with a smaller retardation effect on plant development. Gonzalez et al., 2016, 
showed that spraying 5-Azacytidine leads to a global DNA methylation reduction in Trifolium 
repens at 50 µM concentration.  
Four different concentrations, 300 µM, 100 µM, 75 µM and 50 µM, were applied, but the two 
highest concentrations caused strong developmental defects on the plants and were hence 
not further used. Spraying with 50 µM 5-Azacytidine caused no developmental defects, but 
upon application of 75 µM 5-Azacytidine, shoots were significantly shorter (Figure 2.1b and 
Supplementary figure 2.1). Upon 50 µM 5-Azacytidine treatment, a significant reduction in 
methylation was detected in roots (Supplementary figure 2.2). For both 50 and 75 µM 5-
Azacytidine, a significantly lower number of galls and nematodes (decreases of about 25 to 
30 %, all P-values < 0.05) was observed compared to control plants, endorsing the 
hypothesis that DNA hypomethylation reduces susceptibility of plants against root-knot 
nematodes (Figure 2.1b and Supplementary figure 2.1). We also compared number of 
females per gall in control versus treated plants and found no significant difference 
(Supplementary figure 2.3). Together, this indicates that DNA hypomethylation is a part of 
plant defence mechanism, and probably is not the consequence of nematode infection and 






Figure 2.1 Nematode infection causes strong hypomethylation in plants which is associated with plant 
defence. (a) ELISA-based assay reveals global DNA hypomethylation upon nematode infection on 3 dpi 
galls (n = 12). (b) Foliar application of 5-Azacytidine (50 µM) 24 h before nematode inoculation makes 
plants less susceptible to nematode infection (n = 20), galls and nematodes were counted two weeks post 
inoculation. Significance levels are flagged with two asterisks (P-value < 0.05). Error bars indicate SEM. 
To further confirm the hypothesis that DNA hypomethylation is a PAMP-triggered immunity 
response, we investigated the effect of treatment with a nematode PAMP (NAMP) on the 
methylome of plants. NAMPs from two groups of nematodes with diverging lifestyles 
(sedentary and migratory) were applied on two different host plants: sedentary root-knot 
nematodes Mg (on rice), Mi (on tomato) and migratory nematode Pz (on rice). ELISA-based 
quantification revealed strong DNA hypomethylation (relative decreases of 65 %, 86 % and 
50 %, respectively, all P-values < 0.05) of roots in NAMP treated plants in both rice and 
tomato compared to the mock-treated plants (Figure 2.2a, b and c). To confirm and extend 
previous observations of DNA hypomethylation upon bacterial PAMP treatment in 
Arabidopsis (Yu et al. 2013), rice and tomato plants were sprayed with 1 µM of flg22, and 
significant DNA methylation reduction was observed in rice and tomato, respectively (Figure 
2.2d-e), similar to the results obtained by application of 5-Azacytidine on rice (Supplementary 






Figure 2.2 NAMP and PAMP treatments cause strong hypomethylation in plants 3 days post treatment. (a) 
Treatment of rice plants with NAMP compared to untreated plants (n = 9), (b) Treatment of tomato plants 
with NAMP obtained from M. incognita compared to untreated plants (n = 10), (c) Treatment of rice plants 
with NAMP obtained from P. zeae compared to untreated plants (n = 10) (d) Treatment of rice plants with 
bacterial PAMP (flg22) compared to untreated plants. (e) Treatment of tomato plants with bacterial PAMP 
(flg22) compared to untreated plants. Significance levels are flagged with two asterisks (P-value < 0.05). 
Error bars indicate SEM. 
These NAMPs/PAMPs were shown to induce PTI marker genes in rice (De Kesel et al. 
2020). The biological activity of NemaWater was also evaluated by investigating induction of 
ROS, a hallmark for PTI responses. As previously shown (Mendy et al. 2017), NemaWater 
induced production of ROS in a concentration dependent manner in rice. Moreover, it 
remained active when the non-sterile Mg nematodes in the NemaWater were treated with 
antibiotics to remove potential bacteria in the collected fluid (Supplementary table 2.3).  
These observations indicate that DNA hypomethylation is part of a conserved PTI response 
in monocotyledonous and dicotyledonous plants. 
2.4.2. WGBS supports a central role for CHH hypomethylation 
To further study the functional and nucleotide context of the observed hypomethylation, we 
decided to focus on the rice-Mg model system, for which genome-wide expression data have 
previously been generated by our research group, under similar experimental conditions 
(Kyndt et al. 2012). DNA methylation analysis was performed by whole genome bisulfite 
sequencing (WGBS) on 3 dpi galls compared with uninfected control root tips. Three 
replicates were used per condition and a total of 332.6 million 76 bp reads were generated, 










Supplementary table 2.1 for more details). Mapping against the Mg genome (Somvanshi et 
al. 2018) resulted in mapping rates of 1.1 % (galls) and 0.1 % (uninfected root tips), 
respectively, indicating that their presence in our reads is negligible and that we have almost 
exclusively extracted plant DNA. 
Comparing overall DNA methylation patterns, both genome-wide and specifically of genic 
and TE regions, a clear decrease in CHH methylation was observed in galls, whereas CG 
and CHG methylation remained stable (Figure 2.3a). Subsequently, we searched for local 
differences between galls and roots, leading to a total of 9677 differentially methylated 
regions (DMRs) (FDR < 0.05). DMRs are not clustered on a specific chromosome, but DMR 
distribution per chromosome shows a decrease in centromeric regions for all chromosomes 
(Figure 2.3b). Grouped per nucleotide context, 23, 0 and 9654 DMRs were found in CG, 
CHG and CHH contexts, respectively. 
 
Figure 2.3 Overview of promoter/terminator methylation and genome-wide distribution of genomic 
regions (a) DNA methylation of promoter and terminator regions in 3 dpi galls and control root tips, 2 kb 
upstream and 2 kb downstream from start (left) or end (right), of genes and TE classes RLC, RLG, RLX, 
RSU and DTM (bin size of 100 bases). (b) Genome-wide overview. Outer circle represents the 12 rice 
chromosomes. Black bands represent the centromere regions. Inner circles represent the distribution of 
DMRs across the chromosomes. (A); Genes (B); TE class DTM (C); TE class RLG (D); TE class RLX (E); 
TE class RLC (F); TE class RSU (G). 
While there was an almost even split of CG DMRs in terms of hypo/hypermethylation, 
99.97% of CHH DMRs were hypomethylated in galls vs. control tissue, indicating a 
significant role for CHH hypomethylation in response to Mg infection (Figure 2.4a). CHH 
hypomethylation in Mg galls was independently assessed by Chop-qPCR for 3 loci 
(Supplementary table 2.4).  
As an exploratory analysis, enrichment testing was done using definitions as outlined in the 
methods section (WGBS data analysis). CG DMRs were not significantly positively or 
negatively associated with gene body regions or promoter regions. However, CHH DMRs 
were significantly negatively associated with gene body regions (18 % less than expected, P-
value < 0.001), while they were significantly positively associated with promoter regions (64 





on promoter, gene body, and combined DMRs showed clear enrichment for GO terms 
‘metabolic processes’ and ‘stress response’ for genes associated with promoter DMRs, 
whereas results for gene body DMRs were less outspoken (Supplementary figure 2.4). 
MapMan pathway analysis (Thimm et al. 2004) showed no significant enrichment for any 
specific pathway among the DMRs, whether they were associated with promoter or gene 
body regions.  
 
Figure 2.4 Differentially methylated regions. (a) Methylation pattern of differentially methylated regions. 
(b) Significance of associations between DMRs and genomic elements. The violin plots show the 
distribution of the number of the overlaps between DMRs and randomly scattered TE or gene regions 
(1000 simulations). The dots show the observed number of overlaps between DMRs and TE resp. gene 
regions in the WGBS dataset of nematode-induced galls. Asterisks indicate significant over- or under-





We evaluated if DMRs are located in TEs. TEs are categorized in 5 classes: DNA transposon 
Mutator (DTM), Retroelement long tandem repeat Gypsi (RLG), Retroelement long tandem 
repeat Copia (RLC), Retroelement long tandem repeat ‘Unknown’ (RLX) and Retroelement 
short interspersed nuclear elements (RSU), in the Rice Transposable Element database 
(Copetti et al. 2015). CG DMRs were not significantly associated with TEs. However, CHH 
DMRs are positively associated with DTM (P-value < 0.001) and RSU TEs (P-value < 0.001), 
and negatively associated with RLC (P-value < 0.001), RLG (P-value < 0.001), RLX (P-value 
< 0.001) TEs (Figure 2.4b). Hypomethylated TEs are significantly enriched in gene promotors 
for classes DTM (P-value < 0.001), RLC (P-value < 0.001), RLG (P-value < 0.001) and RLX 
(P-value = 0.009). Genes with TE hypomethylation in their promotor are mainly enriched for 
GO terms related to plant stress responses and signaling (Supplementary figure 2.5 and 
Supplementary figure 2.6).  
2.4.3. DNA hypomethylation correlates with a delayed transcription response in gall 
tissue 
Given the prominent presence of CHH hypomethylation in gene promoters, the relationship 
with gene expression was evaluated using transcriptome data of 3 dpi and 7 dpi gall tissue, 
generated in our lab under similar experimental conditions (Kyndt et al. 2012) 
(Supplementary figure 2.7 and Supplementary figure 2.8). There was no significant overlap 
between the presence of CG DMRs and differentially expressed (DE) genes at either 3 dpi or 
7 dpi, whether located in promoter or gene body regions. We neither found an association 
between CHH DMRs and gene expression for promoters at 3 dpi gene body regions at 3 dpi 
or gene body regions at 7 dpi. However, 3 dpi CHH DMRs were found to be significantly 
overrepresented in promoter regions of genes differentially upregulated at 7 dpi (P-value < 
0.001) (Figure 2.5a-b). Previously performed GO enrichment analysis showed that these 
genes were mainly enriched for GO terms such as ‘transcription’, ‘post-translational protein 
modification’, ‘peptide transport’, and ‘regulation of nitrogen compound metabolic process’ 
(Kyndt et al. 2012). 
Moreover, binomial tests revealed that differential expression at 7 dpi showed significant 
upregulation in galls, both for all (758 upregulated DE genes/805 DE genes, P-value < 2.2e-
16) differentially expressed genes and for the subset associated with CHH DMRs (115 
upregulated DE genes /117 DE genes, P-value < 2.2e-16) whereas this trend was not seen 
at 3 dpi (66 upregulated DE genes /131 DE genes, P-value = 1). In contrast, no association 
was found between gene body DMRs at 3 dpi and differential expression at either time point. 
These data indicate that CHH hypomethylation in gene promoters was associated with gene 
expression, with a delayed effect of CHH hypomethylation on gene expression activation.  
For TEs however, there was no clear association between differential methylation and timing 
or direction of differential expression (Supplementary figure 2.9). An overview of TE/genes 
that were both differentially methylated and differentially expressed can be found in 
Supplementary table 2.5. Figure 2.5c illustrates the promoter CHH demethylation profile for 
one of these genes, a locus on chromosome 4, encoding a bHLH transcription factor 
(OsbHLH65), for which gene expression has previously been shown to be suppressed at 3 
dpi while activated in 7 dpi galls based on RNA-seq data (Kyndt et al. 2012). Interestingly, 
the list of overlapping genes also included 8 genes of the ethylene (ET) pathway (e.g. 
Os04g41570, Os01g54890 Os06g29730 and Os04g49194) and a member of the nucleotide 
binding site leucine-rich repeat family (Os11g45970), known to have a role in plant defence 
(DeYoung and Innes 2006; McHale et al. 2006). Delayed activation of five genes with CHH-
hypomethylated promoters (Figure 2.5c and Supplementary figure 2.10) was here 
independently confirmed by RT-qPCR on 3 dpi and 7 dpi galls. Confirming RNA-seq data, 
those genes showed low or repressed expression at 3 dpi, and derepression of expression at 






Figure 2.5 DNA methylation association with gene expression. (a) Significance of associations between 
DMRs and differentially expressed genomic elements. The violin plots show the distribution of overlaps 
between DMRs and a randomly sampled group of genes/promoters. The dots show the observed number 
of overlaps between DMRs and DE genes, promoters of DE genes in the WGBS dataset of nematode-
induced galls. Asterisks indicate significance (P-value < 0.05), (b) Venn diagrams showing the number of 
genes that overlap with either their gene body or their promoter with 3 dpi CHH DMRs (DM genes) and the 
number of differentially expressed genes at 3 dpi or 7 dpi (DE genes), (c) DNA methylation at 3 dpi 
(percentage) in galls and roots for interval 24655000-24662000 on chromosome 4 (bin size of 100 bases). 
Note the similar methylation levels between galls and roots for CG and CHG methylation, the CHH 
hypomethylation in the promoter region of gene OsbHLH65 at 7 dpi. (d). RT-qPCR based expression 
profile of 5 genes that contain a DMR in their promoter in 3 and 7 dpi gall tissue, OsbHLH65 is indicated 





2.4.4. RdDM and DDM1 mutants confirm that DNA methylome changes are involved 
in plant defence against nematodes 
The prominent role of CHH hypomethylation strongly suggests involvement of the RdDM 
pathway or DDM1, both of which control CHH methylation, in the plant PTI response upon 
nematode infection. Further detailed evaluation of previously published transcriptome data of 
rice upon Mg infection (Kyndt et al. 2012; Ji et al. 2013) indeed supports a transcriptional 
disturbance of genes related to canonical and non-canonical RdDM pathways and 
demethylases in this interaction (Supplementary figure 2.11). Rice mutants in DDM1 and 
different proteins involved in the RdDM pathway were obtained and infected with root-knot 
nematodes. In the dcl3b mutant line, the number of nematodes significantly decreased by 
31.6 % compared to the control, whereas the number of galls was also marginally decreased 
by 12.5 % (Figure 2.6a).  
Similarly, in dcl3a, decreases of ca. 16.1 % were observed for both galls and nematodes 
(Supplementary figure 2.12a). Rice has two AGO4 orthologues, AGO4a and AGO4b. The 
double ago4a/4b mutant showed a significant decrease in number of galls (36 %) and 
nematodes (35 %) (Figure 2.6b). A waf1 mutant, orthologous to hen1 in Arabidopsis, also 
showed a slight decline in the number of galls and significantly lower number of nematodes 
with decreases of 16.3 % and 18.7 %, respectively compared to wild-type ‘Kinmaze’ (Figure 
2.6c). The same observation was made for the drm2-mutant (Tan et al. 2016), with 
decreases of 15.3 % and 21.9 % for galls and nematodes, respectively (Figure 2.6d). For the 
ddm1a/1b double mutant (Tan et al. 2016), decreases of 9.47 % and 12.33 % for galls and 
nematodes, respectively, were observed compared to their wild-type ‘Dongjin’ 
(Supplementary figure 2.12b). The number of females per gall in control versus mutant lines 
was not significantly different (except for ago4ab) (Supplementary figure 2.13). These data 
confirm the role of DNA methylation in mediating early plant immunity of rice to root-knot 
nematodes and suggest a central role for the RdDM pathway and DDM1 in this process. 
 
Figure 2.6 DNA hypomethylation confers reduced susceptibility to nematode infection in plants. Mutants 
of (a) dcl3b (n = 20), (b) ago4a/b (n = 19), (c) waf1 (n = 20). (d) drm2 mutant (n = 23) are less susceptible to 
nematode infection. Galls and nematodes were counted two weeks post inoculation. Significance levels 






In this research, we evaluated the hypothesis that DNA hypomethylation is part of a general, 
conserved PTI response upon recognition of a nematode PAMP (NAMP) in plants. Earlier 
studies have focused on Arabidopsis and above-ground pathogens, mainly bacteria. Here, 
we demonstrate that massive DNA hypomethylation occurs upon nematode infection in rice 
roots and that hypomethylation can be triggered by treatment with NAMPs, similar as with 
PAMPs, in both monocotyledonous and dicotyledonous plants. 
Supporting the causal relationship between DNA hypomethylation and plant basal defence 
responses, genome-wide DNA demethylation by foliar application of 5-Azacytidine 
decreased rice susceptibility to subsequent root-knot nematode infections (Figure 2.1b). 
These results are also consistent with previous findings that DNA demethylation hampers the 
multiplication and vascular accumulation of Pseudomonas syringae in Arabidopsis (Yu et al. 
2013), and that a triple Arabidopsis DNA demethylase mutant ros1/dml2/dml3, is more 
susceptible towards fungal pathogen Fusarium oxysporum (Le et al. 2014).  
Research on Arabidopsis-bacterium interactions has also shown that bacterial PAMP flg22 
triggers DNA demethylation (Yu et al. 2013), which was extended here by similar 
hypomethylation responses in rice and tomato (Figure 2.2). The fact that treatment with 
NAMPs, similar to that described to activate PTI in Arabidopsis and (Mendy et al. 2017) rice 
(De Kesel et al. 2020), as well as flg22 PAMP, induce strong hypomethylation in 
monocotyledonous and dicotyledonous plants, confirms our hypothesis of DNA 
hypomethylation as an evolutionary conserved PTI-response upon infection in plant tissues. 
We extend previous observations by demonstrating the organ-independent effect - roots in 
our study vs shoots in other studies - of DNA hypomethylation as a plant immune response.  
Moreover, our results indicate a crucial role for promoter CHH methylation in the plant PTI-
response upon root-knot nematode infection and showed a correlation whereby a delayed 
effect of the DNA methylation changes on the gene expression profile was shown (Figure 
2.5d). Even though bisulfite sequencing coverage was relatively low, there was still sufficient 
power to detect DMRs when differences in methylation were analyzed at region level rather 
than at individual cytosine level. Furthermore, dmrseq (version 1.0.14) (Korthauer et al. 
2019) utilizes a smoothing algorithm to tackle loss of power due to low coverage. Based on 
the knowledge that the RdDM and DDM1 pathway are the two main mediators of de novo 
and maintenance methylation in CHH context (Law and Jacobsen 2010; Zemach et al. 
2013), we hypothesized that there would be a role for these pathways in rice-Mg interaction. 
This hypothesis was confirmed by minor but consistent reduced susceptibility of RdDM- and 
DDM1-deficient rice mutants (Figure 2.6 & Supplementary figure 2.12b), which are known to 
have a significant CHH hypomethylation profile (Tan et al. 2016). For example, the ddm1a/1b 
double mutant has 44.9 %, 73.5 % and 49 % less CG, CHG and CHH methylation, 
respectively, whereas the drm2-mutant has nearly no CHH DNA methylation (Tan et al. 
2016). In future research, the expression of genes that were found to be CHH-
hypomethylated and RKN-inducible genes (7dpi) in our data in wild type plants, can be 
researched for constitutive expression. 
Our data confirm very recent publications that showed the same trend of enhanced 
resistance in Arabidopsis RdDM mutants infected with nematodes (Ruiz-Ferrer et al. 2018) 
or bacterial pathogens (Pavet et al. 2006). The rice ago4a/4b-double mutant confirmed 
results for other mutants in showing a significantly decreased susceptibility to nematode 
infection (Figure 2.6b), yet contrasts with a study on Arabidopsis, where enhanced 
susceptibility to infection by Pseudomonas syringae pv. tomato DC3000 was observed for 
this specific mutant (Agorio and Vera 2007). The authors hypothesized that AGO4 works 
independently of RdDM in plant disease resistance in Arabidopsis (Agorio and Vera 2007), 
but our data did not confirm this in rice. While our data show a context-specific 





soybean have described overrepresentation of hypomethylated DMRs in all three cytosine 
contexts (Rambani et al. 2015; Hewezi et al. 2017). Therefore, though there is clear evidence 
for the role of DNA hypomethylation in plant defence in all plant kingdoms, additional 
research is required to evaluate whether the underlying molecular pathways differ between 
monocots and dicots.  
In theory, the observed hypomethylation may be the result of passive demethylation, as 
observed in tissues in which MET1 and CMT3 are not expressed, such as the central cell 
(Jullien et al. 2008) or in endoreduplicating tissues – such as young giant cells – where DNA 
methylation cannot catch up with fast DNA replication. However, as shown in Supplementary 
figure 2.11, rice orthologues of MET1 and CMT3 are very active in gall tissue, which 
contradicts the hypothesis of passive demethylation. Moreover, the fact that DNA is 
exclusively hypomethylated in CHH context and the observation that NAMP treatment also 
induces DNA hypomethylation (Figure 2.2) demonstrates that DNA is actively demethylated 
as a plant PTI response. In leaves and seedlings, active DNA demethylation is mediated by 
ROS1, Demeter-like 2 (DML2), and DML3. No rice orthologue of DML2 has been described 
(Zemach et al. 2013), but DML3 shows reduced expression in gall tissue (Supplementary 
figure 2.11), whereas ROS1a, the orthologue of Arabidopsis demethylase Demeter (DME) 
(Rodrigues et al. 2013), ROS1b and ROS1c are slightly induced in galls versus control roots 
(Supplementary figure 2.11).  
Indeed, expression of ROS1 is tightly controlled by the methylation profile of a TE embedded 
in the ROS1 promoter; which acts as a sensor for genome-wide DNA methylation levels (Yu 
et al. 2013; Lei et al. 2015; Williams et al. 2015; Deleris, Halter, and Navarro 2016). 
However, consistent with the idea that Arabidopsis ros1 mutants are hypersusceptible to 
bacterial and fungal pathogens (Yu et al. 2013), it could be speculated that ROS1 activity are 
responsible for the observed hypomethylation during NAMP-triggered immune responses 
across the plant kingdom. Further studies with rice ros1 mutants could shed light on the 
potential general role of ROS1 in DNA hypomethylation during PTI. 
Interestingly, we observed a correlation in expression profile between eight ET pathway 
genes revealing 3 dpi CHH promoter hypomethylation and transcriptional 
activation/depression at 7 dpi (Figure 2.5d). It has been shown before that ET pathway 
genes are suppressed upon root-knot nematode infection at 3 dpi and then recovered at 7 
dpi in rice (Nahar et al. 2011; Kyndt et al. 2012). Based on the observed correlation in gene 
expression we hypothesize that loss of CHH DNA methylation primes the ET-dependent 
defence response, potentially restricting the parasitic interaction between root-knot 
nematodes and roots. As reviewed (Kyndt et al. 2013), the ET pathway plays different 
spatiotemporal roles at different stages of the nematode infection process, including 
activation of jasmonic acid-dependent defence responses. Intriguingly, research on fruit 
ripening has revealed a similar link between DNA hypomethylation and ET, with e.g. active 
hypomethylation at the induction of tomato ripening and hypermethylation during maturation 
of sweet oranges (Zuo et al. 2018; Huang et al. 2019; Lang et al. 2017).  
Whether temporal patterns in DNA methylation also occur during induction or maturation of 
nematode feedings sites remains to be investigated. Abiotic or biotic stresses have 
previously been described to awaken dormant TEs in plants (Bouvet et al. 2008; Dowen et 
al. 2012). TE activation can alter gene expression directly, e.g. through insertion in gene 
body regions or promoters as for example observed in the promoter of defence genes 
against Fusarium oxysporum and in resistance gene Xa21. However, TEs can also exert 
indirect effects by generating smRNAs as substrates for DCL proteins to synthesize trans-
active siRNAs (tasiRNAs), that could potentially silence modulators of plant defence in the 
same or distant tissues.  
The indirect scenario is consistent with accumulation of TE-derived 21-nt siRNAs observed 





and tasiRNA-accumulation in galls induced by root-knot nematodes in tomato and 
Arabidopsis (Medina et al. 2018). This led to the hypothesis that genome fluidity caused by 
derepression of TEs could permit phenotypic plasticity and adaptation to stress (Negi, Rai, 
and Suprasanna 2016). We found two TE-classes significantly associated with CHH DMRs in 
3 dpi galls: RSU (retrotransposon type) and DTM (DNA transposon type) (Figure 2.5). 
However, the low number of overlaps between differentially expressed TEs and CHH DMRs, 
while statistically significant, might not be biologically relevant. It needs to be further 
investigated whether the RLG and DTM classes have a specific role in plant adaptation to 
nematode stress, particularly given that TE de-repression (3 dpi) occurs prior to activation of 
other genes (7 dpi). We detected significant enrichment of hypomethylated TEs in promotors 
of genes related to plant stress responses and signalling (Supplementary figure 2.5 and 
Supplementary figure 2.6), further endorsing the link between DNA hypomethylation and 
plant defence. 
Finally, it remains to be studied whether changes in DNA methylation are transferred to the 
next generation of stressed plants. This phenomenon is known as transgenerational acquired 
resistance (TAR) and can be triggered by various (a)biotic stresses (Luna et al. 2012; 
Slaughter et al. 2012). A recent paper found four DNA loci (epiQTLs) in Arabidopsis of which 
their heritable hypomethylated state was significantly linked to disease resistance against 
oomycete Hyaloperonospora arabidopsidis. These epiQTLs seem to regulate gene 
expression through trans-regulatory mechanisms (Furci et al. 2019), but have not been 
investigated in rice. 
In summary, our study shows for the first time that massive and genome-wide 
hypomethylation is part of the PTI response to nematode infection. At least in rice, 
demethylation is particularly present in the CHH context, and its occurrence in promoters is 
correlated with derepressed gene expression. Our study therefore provides new insights into 
the general role of DNA demethylation in plant-pathogen interactions across plant kingdoms. 
Further investigation of the mechanism(s) underlying DNA demethylation is required to 
obtain a clear insight into how transcriptional and epigenetic reprogramming is obtained 






2.6. Supplementary information 
 
Supplementary figure 2.1 Foliar application of 5-Azacytidine (75 µM) 24 h before nematode 
inoculation. 
Supplementary figure 2.2 5-Azacytidine treatment cause strong hypomethylation in rice 
plant roots. 
Supplementary figure 2.3 Comparison of number of females divided by number of galls for 
each treatment. 
Supplementary figure 2.4 Gene ontology of genes that overlap with DMRs. 
Supplementary figure 2.5 Significance of associations between hypomethylated TEs and 
promotors. 
Supplementary figure 2.6 GO enrichment analysis of genes with a hypomethylated TE in 
their promotor. 
Supplementary figure 2.7 Venn diagrams showing the number of differentially expressed 
TEs/genes at either 3 dpi or 7 dpi and differentially methylated TEs/genes (in CG context). 
Supplementary figure 2.8 Venn diagrams showing the number of differentially expressed 
TEs/genes at either 3 dpi or 7 dpi and differentially methylated TEs/genes (in CHH context). 
Supplementary figure 2.9 Significance of associations between DMRs and differentially 
expressed TEs. 
Supplementary figure 2.10 DNA methylation at 3 dpi (percentage) in galls and roots in CG, 
CHG and CHH contexts. 
Supplementary figure 2.11 Expression profile of genes involved in DNA methylation upon 
nematode infection in galls at 3 dpi. 
Supplementary figure 2.12 Susceptibility of rice mutants to nematode infection. 
Supplementary figure 2.13 Number of females per gall for each mutant. 
Supplementary table 2.1 Overview of read counts per sample after trimming and mapping 
as well as bisulfite conversion efficiencies. Available upon request. 
Supplementary table 2.2 Overview of primers used in this study. 
Supplementary table 2.3 ROS quantification in rice roots upon application of NemaWater. 
Supplementary table 2.4 Validation of results obtained by WGBS by Chop-qPCR. 
Supplementary table 2.5 Overview of genes that show overlap with differentially methylated 
regions. Available upon request.  
Supplementary table 2.6 Genome location and statistics of the differentially methylated 









Supplementary figure 2.1 Foliar application of 5-Azacytidine (75 µM) 24 h before nematode inoculation. (a) 
The treatment makes plants less susceptible to nematode infection with (b) minor developmental defects 
on roots and major defects on development of shoots. Levels of significance lower than 0.05 (P-value < 
0.05) are flagged with two asterisks. Error bars indicates SEM. 
 
 
Supplementary figure 2.2 5-Azacytidine treatment causes strong hypomethylation in rice plant roots. **: 
P-value < 0.05. Error bars indicate SEM. 
 
Supplementary figure 2.3 Comparison of number of females divided by number of galls for each 
treatment. (a, b) Plant treated with 50 µM or 75 µM show a slightly lower ratio of females/galls compared to 






Supplementary figure 2.4 Gene ontology of genes that overlap with DMRs. Bar plots show significantly 
positively and depleted GO terms, based on PANTHER analysis. The GO terms are sorted according to 
their class (biological process, cellular component or molecular function) and their level of significance. 
(a) Gene ontology terms associated with genes that exclusively overlap with DMRs in their promoters. (b) 
Gene ontology terms associated with genes that exclusively overlap with DMRs in their gene bodies. (c) 
Gene ontology terms associated with genes that overlap with DMRs in both their promoter and their gene 
body region. 
 
Supplementary figure 2.5 Significance of associations between hypomethylated TEs and promotors. The 
violin plots show the distribution of overlaps between promotors and a randomly sampled group of TEs. 
The dots show the observed number of overlaps between promotors and hypomethylated TEs in the 
WGBS dataset of nematode-induced galls. Asterisks indicate significant over- or under-representation (P-






Supplementary figure 2.6 GO enrichment analysis of genes with a hypomethylated TE in their promotor. 






Supplementary figure 2.7 Venn diagrams showing the number of differentially expressed TEs/genes at 
either 3 dpi or 7 dpi and differentially methylated TEs/genes (in CG context). 
CG
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Supplementary figure 2.8 Venn diagrams showing the number of differentially expressed TEs/genes at 
either 3 dpi or 7 dpi and differentially methylated TEs/genes (in CHH context). 
CHH
3 dpi   dpi










Supplementary figure 2.9 Significance of associations between DMRs and differentially expressed TEs. 
The violin plots show the distribution of overlaps between DMRs and a randomly sampled group of TEs 
within a TE class. The dots show the observed number of overlaps between DMRs and DE TEs of a TE 






Supplementary figure 2.10 DNA methylation at 3 dpi (percentage) in galls and roots in CG, CHG and CHH 
contexts. (a) GCN5 HAT (b) ERF92 (c) OsNAC19 (d) Ankyrin repeat domain gene. For corresponding RT-






Supplementary figure 2.11 Expression profile of genes involved in DNA methylation upon nematode 
infection in galls at 3 dpi. a) Genes involved in canonical RdDM pathway. (b) Genes that are specifically 
involved in non-canonical RdDM. c DNA methyltransferases and demethylases. Gene selection was 
based on Arabidopsis literature and rice orthologues were identified using 






Supplementary figure 2.12 Susceptibility of rice mutants to nematode infection. (a) Rice dcl3a mutant (n = 

















Supplementary table 2.1 Overview of read counts per sample after trimming and mapping as well as 
bisulfite conversion efficiencies. Available upon request. 
Supplementary table 2.2 Overview of primers used in this study. 













EXP Narcai.Forward AGGAACATGGAGAAGAACAAGG 
EXP Narcai.Reverse CAGAGGTGGTGCAGATGAAA 
Primers used for Chop-qPCR analyses 
OsbHLH65 (Os04g0493100) 
 
Restriction enzyme AluI (CHH) 
FP Test TCTAAGAGCACCTGCAATGG 
RP Test GAGAAAAACGAGGCAATGGA 
FP Control ATGGACGTCGTGAGAAGAGG 
RP Control TGGCCTGTGTTTTAAATTCG 
ONAC19 (Os06g0101800) 
 
Restriction enzyme DdeI (CHH) 
FP Test CTCCAACAGCCTCTCCAACT 
RP Test TGGTCGAATTTTCAGGGTGT 
FP Control TTCAAGTGCGATGGAATAAGAA 
RP Control AACCTCGTCGAGCACCTAGA 
Universal stress protein (Os05g0355400) 
Restriction enzyme AluI (CHH) 
FP Test CTCTTGTTGGAGAAACGAACG 
RP Test CACCCGTTGGAACACACG 
FP Control TTCGACTTTCGTATCAAGTTAGC 






Supplementary table 2.3 ROS quantification in rice roots upon application of NemaWater (n = 4). The 
number of nematodes used to prepare the NemaWater is shown in parentheses. * indicates significance 
(P-value < 0.05). 
Treatment Amount of H2O2 in roots (nmol/gram of root) 
Control (water treated plants) 249 
P. zeae sterilized (8000 J2s) 1412* 
M. graminicola sterilized (35000 J2s) 424 
M. graminicola non-sterilized (35000 J2s) 371 
 
Supplementary table 2.4 Validation of results obtained by WGBS by Chop-qPCR. 
 
Amount of digested DNA/undigested DNA 
 
Gene Root tips Galls 
OsbHLH65 (Os04g0493100) 0.442 0.280 
OsNAC19 (Os06g0101800) 0.216 0.104 
Universal stress protein (Os05g0355400) 0.005 0.004 
 
Supplementary table 2.5 Overview of genes that show overlap with differentially methylated regions. 
Available upon request 
 























3. Histone modification changes at early stage of rice 
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Epigenetic processes play a crucial role in the regulation of plant stress responses, but their 
role in plant-pathogen interactions remains poorly understood. Although histone modifying 
enzymes have been observed to be deregulated in galls induced by root-knot nematodes 
(RKN, Meloidogyne graminicola) in rice, their influence on plant defence and their genome-
wide impact has not been comprehensively investigated.  
First, the role of histone modifications in the plant-nematode interactions was confirmed by 
pharmological inhibition of histone modifying enzymes, which all significantly affected rice 
susceptibility to RKN. For a more specific view, three histone marks, H3K9ac, H3K9me2 and 
H3K27me3 were subsequently studied by chromatin-immunoprecipitation (ChIP)-sequencing 
on RKN-induced galls at 3 days post inoculation. While levels of H3K9ac and H3K27me3 
were strongly enriched, H3K9me2 was generally depleted in galls versus control root tips. 
Differential histone peaks were generally associated with plant defence related genes. 
Transcriptome analysis using RNA-seq and qRT-PCR-based validation revealed that genes 
marked with H3K9ac or H3K9me reveal the expected activation or repression gene 
expression pattern, but this was not the case for H3K27me3 marks. In conclusion, our results 
indicate that histone modifications respond dynamically to RKN infection, and that post-
translational modifications mainly at H3K9 specifically target plant-defence related genes. 
3.2. Introduction 
In plants, as in other eukaryotes, DNA is wrapped around histone proteins and the resulting 
DNA-histone complex or nucleosome is the basic repeating unit of chromatin. The histone 
tails protruding from the nucleosome core can be modified by addition of chemical groups, 
mainly acetyl and methyl groups, affecting the physical accessibility of DNA to the 
transcriptional machinery of the cell (Berger 2007; Lawrence, Daujat, and Schneider 2016). 
Fine-tuning of gene expression is obtained by an interplay between different types and levels 
of post-translational histone modifications (Zhou, Goren, and Bernstein 2011; Schones and 
Zhao 2008). Some histone marks are associated with transcriptional activation, e.g. 
acetylation of lysine residues on histone H3 is correlated with gene activation and in some 
cases DNA repair. In contrast, depending on the residue, H3 methylation can be associated 
with transcriptional activation (lysine 4 and 36) or repression (lysine 9 and 27) (Fuchs et al. 
2006; Armstrong 2014; Berger 2007). In all, 4 lysines on histone 3 are known to be targeted 
for methylation (lysine 4, 9, 27 and 36), On histone 4, lysine 20 and arginine 3 can also be 
methylated. Multiple lysines on histone 3 and 4 can also be acetylated. (Pfluger and Wagner 
2007) Both lysine and arginine can be methylated and up to three methyl groups can bind to 
each residue. The histone acetylation level is balanced by the activity of histone 
acetyltransferases (HATs) and histone deacetylases (HDACs or HDAs). The relatively small 
genome of rice contains 8 HATs and 19 HDACs (Zhou, Hu, and Zhao 2013; Liu et al. 2012; 
Pandey et al. 2002). The rice genome also contains 37 Su(var)3-9/Enhancer of 
Zeste/Trithorax (SET)-domain containing histone methyltransferases (HMT) also named the 
SET domain-containing group (SDG), eight protein arginine methyltransferases (PRMTs) and 
24 Jumonji C domain-containing histone-lysine demethylases (JmjC-KDMs) which regulate 
the histone methylome (Zhou, Hu, and Zhao 2013).  
The genome-wide distribution of histone marks has been mainly investigated in unstressed 
plants. Du et al. (2013) found H3K9ac to be mainly present (73.4 %) in genic regions 
[promoter, 5’ untranslated region (UTR), 3’ UTR, exons and introns] of the rice genome. They 
also observed that H3K9ac is associated with 781 transposable-element genes (TE genes) 
and 19,616 non-TE genes (Du et al. 2013). In another study, the distribution patterns of three 
histone marks, H3K4me3, H3K9ac and H3K27me3 showed overall enrichment in genic and 
euchromatic regions. Further, they observed that out of 41,043 non-TE genes in the TIGR 
database, 25,207 (61.4%), 26,623 (64.9%), and 17,211 (41.9%) were associated with 





associated with less than 5.2% of TE-related genes in the same database (He et al. 2010). 
Modifications of histone tails are a major mechanism in gene expression regulation, and their 
role in plant responses to environmental stimuli and pathogen infection has been described 
(Li et al. 2013; Zhou et al. 2005; Kim et al. 2008; Jaskiewicz, Conrath, and Peterhänsel 2011; 
Dutta et al. 2017; Choi et al. 2012; Vijayapalani et al. 2018).  
For example, upon infection of Paulownia fortunei with phytoplasma, 1788 and 939 genomic 
regions were hyper- and hypoacetylated, respectively for H3K9ac (Yan, Fan, and Li 2019). 
Application of salicylic acid (SA)-analogue benzothiadiazole (BTH) induced H3K9ac 
enrichment in the promoter of pathogenesis-related gene 1 (PR1) (López et al. 2011). In the 
same line, pathogen infection or treatment with agents that induce plant resistance tends to 
lead to higher expression levels of HATs, as was for example observed upon aplication of 
the hormones abscisic acid (ABA) and SA (Liu et al. 2012). Expression of HDA19 the best-
studied HDAC in Arabidopsis is induced by wounding, infection by fungal pathogen Alternaria 
brassicicola, and application of jasmonic acid (JA) and ethylene (ET) (Zhou et al. 2005). 
Overexpression of HDA19 confers higher resistance in plants against A. brassicicola, 
whereas the hda19-deficient mutant shows increased susceptibility to this pathogen through 
differential regulation of genes involved in the JA and ET pathways (Wang et al. 2017).  
Similarly, Kim et al., 2008 showed that overexpression of HDA19 results in enhanced 
resistance against P. syringae, while the deficient mutant was more susceptible to infection, 
through compromised activation of WRKY38 and WRKY62, which are negative regulators of 
plant defence (Kim et al. 2008). However, in another study it was demonstrated that HDA19 
represses the SA-mediated defence response in Arabidopsis, and the hda19-mutant showed 
enhanced resistance against Pseudomonas syringae pv tomato DC3000 (Pst DC3000), 
correlated with enhanced expression of PR genes (Choi et al. 2012). Similarly, the hda6 
mutant showed increased levels of acetylation which led to enhanced resistance to Pst 
DC3000 by increased activation of PR1, PR2 and PR4 (Wang et al. 2017). Given its clear 
role in plant defence, it is not unexpected that pathogens actively interfere with histone 
acetylation. An effector of the sugar beet cyst nematode Heterodera schachtii alters 
acetylation levels in Arabidopsis by inhibiting HDACs, leading to acetylation of rRNA genes 
and their activation (Vijayapalani et al. 2018).  
Next to histone acetylation, also other marks are involved in plant defence. In bean plants 
infected with rust causing pathogen Uromyces appendiculatus, next to H4K12ac also 
H3K9me2 marks were associated with several important plant defence genes, including 
WRKY, bZIP, MYB transcription factors, chitinase, calmodulin and leucine-rich repeat (LRR) 
genes. At the genome-wide level, it was demonstrated that peaks for both histone marks 
were mainly located in intergenic regions (Ayyappan et al. 2015). Similarly, JmjC 
DOMAIN‐CONTAINING PROTEIN 27 (JMJ27), a H3K9me1/2 demethylase, was shown to be 
a positive regulator of plant defence against Pst DC3000 in Arabidopsis. JMJ27 negatively 
regulates WRKY25 (a repressor of defence) and positively regulates PR genes (Dutta et al. 
2017). JMJ705 overexpression in rice confers enhanced resistance against Xanthomonas 
oryzae pv. oryzae by reduction in H3K27me2/3 levels, correlated with higher expression of 
defence related genes encoding for example peroxidases, JA-related genes and PR-proteins 
(Li et al. 2013).  
The use of chemical inhibitors of histone modifying enzymes to counteract epigenetic 
malfunctions in human oncogenes has been studied extensively in cancer research 
(Heerboth et al. 2014). Recent studies have also shown the potential of chemical reagents in 
influencing epigenetic mechanisms in plants (Zhang et al. 2012; 2013; Tanaka, Kikuchi, and 
Kamada 2008; Bond et al. 2009; Miwa et al. 2017). As HDAC-inhibitor, nicotinamide 
application induces the expression of VERNALIZATION INSENSITIVE 3 (VIN3) in 
Arabidopsis, causing flowering and repression of flowering locus C (Bond et al. 2009). 
Nicotinamide also impacts defence, as its derivative, nicotinamide mononucleotide, 





nicotinamide mononucleotide confers enhanced resistance to Fusarium graminearum in 
Arabidopsis leaves and flowers as well as in barley spikes (Miwa et al. 2017). 
Sulfamethazine (SMZ) belongs to the family of antibacterial sulfonamides that impair folate 
synthesis and thereby methyl supply in plants. Application of sulfamethazine on Arabidopsis 
reduces the level of H3K9me2 methylation and DNA methylation and consequently 
derepresses epigenetic silencing (Zhang et al. 2012). Fumarate inhibits histone 
demethylation at sites of DNA damage (Lees-Miller 2015). It induces resistance against Pst 
DC3000 in Arabidopsis without any direct antimicrobial effect (Balmer et al. 2018). 
In this study, we aimed at assessing the role of histone modifications in the interaction 
between rice and root-knot nematodes. Rice is the staple food of half the world’s population. 
With a relatively small and fully sequenced genome, it is an excellent model system for 
genomic studies in monocotyledonous plants. The root knot nematode Meloidogyne 
graminicola (Mg), is one of the most damaging nematodes attacking rice and other monocots 
(Bridge, Michel, and Sikora 1990). After penetration of second stage juveniles of Mg into the 
rice roots, they establish a feeding site which consists of giant cells. Giant cell establishment 
causes root deformation, leading to symptoms called galls, which in the case of Mg are 
typically located at the root tip and are macroscopically visible from about 3 dpi (Mantelin, 
Bellafiore, and Kyndt 2017). Studies on epigenetic changes in host plants that are infected 
with nematodes have thus far primarily focused on changes in DNA methylation and small 
RNA expression changes. Specifically, we have focused on histone modifications H3K9me2, 
H3K9ac and H3K27me3 for which association with stress responsive genes in plants has 
previously been described (Pfluger and Wagner 2007; Chang et al. 2020). 
Incompatible interaction of both soybean and Arabidopsis with cyst nematodes has resulted 
genome-wide hypomethylation (Rambani et al. 2015; Hewezi et al. 2017). This observation 
was also made by our group in rice infected with Mg (Chapter 2, (Atighi et al. 2020)). Several 
studies on small RNA behavior during nematode infection have been made. During early gall 
development in Arabidopsis 51 out of 62 differentially expressed microRNAs were 
downregulated (Cabrera et al. 2016). However, an upregulation of repeat-associated small 
interfering RNAs was observed (Ruiz-Ferrer et al. 2018). A number of miRNAs have been 
functionally characterized with most of them being identified as negative regulators of plant 
immunity (Hewezi 2020). To the best of our knowledge however, no study has yet been 
published focusing on genome-wide changes in histone modifications resulting from 
nematode infection. In previous transcriptome studies conducted in our lab, expression of 
many histone modification enzymes was significantly altered in galls and giant cells induced 
by Mg in comparison with control tissues/cells (Ji et al. 2013; Kyndt et al. 2012). After 
assessing whether interference with histone marks affects rice susceptibility to Mg, we 
subsequently studied how histone modification patterns are affected in galls at very early 
time points after infection with Mg using ChIP-seq.  
3.3. Materials and methods 
3.3.1. Plant growth conditions 
Oryza sativa L. cv. Nipponbare (GSOR-100, USDA) seeds were germinated for 5 days in 
darkness at 30 °C, after which they were transferred to synthetic absorbent polymer (SAP) 
substrate in polyvinylchloride tubes (Reversat et al. 1999) and grown at 28 °C (16 h light/8 h 
darkness). Plants were watered by Hoagland solution every other day. 
3.3.2. Nematode culture and inoculation 
A pure culture of M. graminicola (Mg) was originally obtained from the Philippines (kindly 
provided by Prof. Dirk De Waele, Catholic University Leuven). The nematodes were cultured 
on susceptible rice and grasses (Echinocloa crus-galli). Nematodes were extracted from 3-4 





After 2-3 days, the nematode suspension was collected and concentrated using 20 µm 
sieves. Two-week-old plants were inoculated with about 300 second-stage juveniles per 
plant or mock inoculated with water.  
3.3.3. Application of chemical inhibitors and evaluation of plant susceptibility 
Thirteen-day-old rice plants (Oryza sativa cv. Nipponbare) were sprayed with nicotinamide, 
sulfamethazine or fumaric acid, while control plants were mock-sprayed with water. The 
surfactant Tween 20 was added to all spraying solutions at 0.02 % (v/v). Twenty four hours 
later, plants were inoculated. All plants were inoculated with nematodes. Each chemical was 
sprayed in two doses and each chemical treatment has its own control. Each treatment 
group consisted of 20 plants. For infection assays, the level of infection was evaluated two 
weeks after inoculation. Root and shoot lengths and weights were measured. Root systems 
were harvested and stained by boiling in 0.013 % acid fuchsin for 5 minutes. After destaining 
in acid glycerol, the total number of galls and nematodes were counted under a 
stereomicroscope SMZ1500 (Nikon).  
3.3.4. Western blot analysis 
Thirteen-day-old rice plants (Oryza sativa cv. Nipponbare) were sprayed with 10 mM 
nicotinamide, 200 µM sulfamethazine or 5 mM fumaric acid, while control plants were mock-
sprayed with water (two replicates per condition with each replicate consisting out of 10 
plants). Total plant material was collected 24 h post treatment. Whole plants (roots + shoots) 
were used for protein extraction. Protein extraction was done as described previously (Tariq 
et al. 2003). The protein concentration was measured with Bradford reagent and a 
spectrophotometer.  
Proteins were separated on a 15 % SDS-PAGE and blotted onto a FluoroTrans® PVDF 
membrane (Pall Laboratory, USA). After blotting, the membrane was blocked overnight with 
Tris-buffered saline (trissaline; 10 mM Tris, 150 mM NaCl, 0.1% (v/v) Triton X-100, pH 7.6) 
containing 5 % (w/v) non-fat milk powder. Subsequently, membranes were washed three 
times for 5 minutes with trissaline and incubated for 1 hour with primary antibodies anti-H3 
(1:4000, ab1791, Abcam), anti-H3K27me3 (1:1000, C15410195, Diagenode) or anti-H3K9ac 
(1:1000, C15410004, Diagenode). After three more 5 min washes with trissaline, the 
membrane was incubated for 1 h with goat anti-rabbit antibody (1:10 0000, ab205718, 
Abcam) that is conjugated with horse radish peroxidase. After washing two times with 
trissaline and one time with 0.1 M Tris buffer (pH 7.6), detection was achieved using a 
colorimetric assay with 0.1 M Tris buffer (pH  .6) containing  00 μM 3,3'-diaminobenzidine 
tetrahydrochloride (Sigma Aldrich) and 0.03 % (v/v) hydrogen peroxide. The reaction was 
stopped after 30 seconds by rinsing the membrane with distilled water. All washes and 
incubations were performed at room temperature, while shaking gently. 
3.3.5. Data analysis  
For statistical analyses software SPSS (Version 25, IBM, USA) was used. The normality of 
data was checked using a Kolmogorov-Smirnov test (α = 0.05). Homoscedasticity of data 
was verified using the Levene test (α = 0.05). If data normality was confirmed, parametric 
tests, i.e. t-test, ANOVA and Duncan were used. Otherwise, non-parametric tests Mann-
Whitney or Kruskal-Wallis, were applied.  
3.3.6. Synchronization of infection and chromatin immunoprecipitation (ChIP)  
Two-week-old rice plants were grown and inoculated as described above. After 36 hours, 
when the majority of nematodes has entered the root system (Mantelin, Bellafiore, and Kyndt 
2017), they were transferred to 50 % Hoagland solution in glass tubes to synchronize the 
infection process. Three days post inoculation (3 dpi), galls of infected plants and uninfected 
root tips of mock-inoculated plants were harvested. For each sample, 3 independent 





Chromatin extraction and shearing was performed according to the Diagenode Chromatin 
Shearing Optimization Kit for Universal Plant ChIP-seq Kit (Cat. No. C01020014) and 
precipitation according to the Plant ChIP-seq kit (Cat. No. C011010150) with some 
modifications. Briefly, collected galls and root tips (for each three biological replicates), were 
cross-linked in a buffer containing 1 % formaldehyde for 15 minutes on ice in a desiccator 
under vacuum condition. Glycine was added to stop crosslinking under an additional 5 
minutes of vacuum. Then, root materials were ground and chromatin was extracted using 
three extraction buffers as in the manufacturer’s guidelines and collected and dissolved in 
600 µL of sonication buffer supplemented with Protease Inhibitor Cocktail (Sigma). 
Sonication was performed using a Covaris M220 Focused-Ultrasonicator with following 
settings: Peak power of 75, duty factor of 10 and cycle/burst of 200 for 15 minutes. Sonicated 
plant materials were centrifuged (16,000 g for 5 minutes) and supernatant was collected.  
Chromatin immunoprecipitation was performed using three antibodies (Diagenode, Belgium), 
H3K9ac, H3K9me2 and H3K27me3. For chromatin precipitation, magnetic beads (DiaMag 
protein A-coated magnetic beads: Diagenode) were incubated with each antibody overnight, 
after which they were washed with ChIP dilution buffer to remove unbound antibodies. Beads 
were incubated for 10h with 50 µL of sheared chromatin diluted in ChIP dilution buffer 
(Diagenode, Belgium). One tenth of the diluted chromatin was collected and kept aside as an 
input sample before incubation with antibody. After incubation, beads were washed with 
washing buffers to remove unbound DNA fragments and DNA was eluted. Input and 
precipitated DNA were washed in absolute ethanol and the pellet was dissolved in 20 µL 
DNase free water. 
3.3.7. Library preparation and sequencing 
Library preparation was done using the NEBNext Ultra II DNA Library Prep Kit for Illumina 
(New England Biolabs). To prepare samples, 34 µL DNase-free water was added to 16 µL 
precipitated DNA and adaptors were ligated to DNA fragments according to the 
manufacturer’s instructions (NEBNext Multiplex Oligos for Illumina kit NEB). After ligation, the 
DNA samples were cleaned up using AMPure XP beads (0.9x) (Beckman Coulter). Resulting 
fragments were amplified for 14 cycles using NEBNext Ultra II PCR protocol (New England 
BioLabs) and quality was assessed with the Agilent High sensitivity DNA kit. Amplicons were 
excised from a 2 % agarose gel (200-800 bp fragments were excised) and purified using the 
Gel DNA recovery kit (Zymo Research). Library concentrations were measured with qPCR 
according to Illumina’s Sequencing Library qPCR Quantification Guide. Sequencing was 
done on a NextSeq 500 using single reads (76 bp). A 2.3 pM library was loaded on the flow 
cell with 2 % PhiX spike-in. 
3.3.8. Data analysis of ChIP-sequencing data 
Reads were trimmed using Trim Galore (version 0.4.0) with default parameter settings. 
Mapping was done with Bowtie (version 1.1.1). Unmapped reads were filtered out and 
multiplexed subsamples were merged with samtools (version 1.9). Redundant reads were 
filtered out using Picard (version 2.18.27). For peak calling, the MUSIC (multiscale 
enrichment calling) software (Harmanci, Rozowsky, and Gerstein 2014) was used. A 
mappability profile was generated using the Oryza sativa ssp. japonica (build MSU7.0) 
genome with a read length parameter of 76. For peak calling, all samples were merged per 
histone modification (excluding the input sample which was used as a control for the genome 
background). For histone modifications H3K9me2 and H3K27me3 the broad peak subroutine 
was used while for histone modification H3K9ac punctate peaks were called, following the 
classification of the ENCODE project (https://www.encodeproject.org/chip-seq/histone/).  
Read quality was checked using FastQC (version 0.11.8). Sample quality was evaluated by 
calculating the non-redundant fraction and the PCR bottleneck coefficient. Successful 
enrichment of genomic regions was checked using the R package ChipQC version 1.18.2 





standard deviation. The normalized strand cross-correlation coefficient and the relative 
strand cross-correlation coefficient were also calculated using phantompeakqualtools (Landt 
et al. 2012; Kharchenko, Tolstorukov, and Park 2008). Read counts and quality control 
metrics can be found in Supplementary file 3.1. For histone modifications H3K27me3 and 
H3K9me2 three biological replicates were used per condition, for H3K9ac two biological 
replicates were used, because a third replicate was of insufficient quality.  
To assess significant changes in peak regions between galls and roots, count tables of read 
counts in peak regions were generated by the summarizeOverlaps function in the 
GenomicAlignments R package (version 1.16.0). For differential expression analysis, non-
deduplicated samples were used. Differential peaks were identified using the DESeq2 
package (version 1.22.2) with an FDR cutoff of 0.05. P-values were corrected for multiple 
testing using Benjamini-Hochberg correction (Love, Huber, and Anders 2014). Peak 
annotation of differential peaks and transcription start site analysis was done using 
ChIPseeker (version 1.18.0) (Yu, Wang, and He 2015). Gene and TE annotations were 
obtained from the Ensembl (Oryza_sativa.IRGSP-1.0.42.gff3) and Rice Transposable 
Element databases. Five TE classes were used: DNA Transposon Mutator (DTM), long 
tandem repeat Copia (RLC), long tandem repeat Gypsi (RLG), long tandem repeat unknown 
(RLX) and short interspersed nuclear elements (RSU). Overlaps between genomic features 
and histone peaks were assessed using Chipseeker. Promoter regions were defined as 
regions 2000 bp upstream of the transcription start site. 
3.3.9. Association between gene sets 
Significance of association between sets of genomic regions was evaluated using 
permutation tests using the regioneR package (version 1.14.0) (Zhao et al. 2019; Gel et al. 
2015; Catoni et al. 2017). First, 1000 permutations were performed to create a null-
distribution. Per permutation, a set of genes of equal size to the set of genomic regions was 
randomly selected from the total set of rice genes and the number of overlaps was counted. 
Subsequently, the number of true overlaps between the two gene sets was compared to this 
null distribution (cut-off: P-value < 0.05).  
3.3.10. Gene expression profiles 
Rice was grown and inoculated as described above. For each treatment (3 dpi galls or root 
tips), 3 independent biological replicates were sampled. RNA was extracted using the ZR 
Plant RNA Miniprep kit (Zymo Research) and DNAse-treated (ThermoFisher). RNA quality 
was verified with a RNA 6000 nanochip (Agilent technologies) and concentration was 
measured with a Quant-it Ribogreen RNA assay (Life technologies). For rRNA depletion, 
1500 ng of RNA was treated with the Ribo Zero Plant Seed/Root kit (Illumina). The Truseq 
stranded total RNA library prep (Illumina) was used for library prep. The cDNA was used for 
enrichment PCR (13 cycles), purified with the double AMPure XP cleanup (1:1) (Beckman 
Coulter), and checked with a High sensitivity DNA chip (Agilent technologies). Quantification 
of the libraries was done with a qPCR assay according to Illumina’s protocol to enable 
equimolar pooling of libraries. Finally, sequencing was performed on a NextSeq 500 using 
2% Phix spike-in (single end reads, 76 bp). Read quality was verified with FastQC (version 
0.11.8), and reads were trimmed using Trimmomatic (version 0.38) with following 
parameters: ILLUMINACLIP:3:30:10, MAXINFO:23:1, SLIDINGWINDOW:5:30, MINLEN:17. 
STAR (version 2.6.1d) was used for mapping on the Oryza sativa ssp. japonica (build 
MSU7.0) genome with following parameters: readFilesCommand zcat, 
outFilterMultimapNmax 1 and outSAMtype BAM SortedByCoordinate. Afterwards, samtools 
(version 1.10) was used to merge multiplexed samples. A count table was made using 
rtracklayer (version 1.44.4) to convert the GTF (Ensembl release 42) file into a Granges 
object, Rsamtools (version 2.0.3) to create a BamFileList object and GenomicAlignments 
(version 1.20.1) for the summarizeOverlaps function to create the count table. To find 
differentially expressed genes, DESeq2 (version 1.24.0) was used with an FDR cutoff of 





Correlation between changes in histone modifications and gene expression was evaluated 
by comparing log2 fold changes of gene expression level between galls and control samples 
with the log2 fold changes of their overlapping histone peaks using the Pearson correlation 
coefficient. Association between differentially expressed genes and differentially modified 
histone peaks – either associated with gene bodies or with promoters - was tested with the 
regioneR package as described above.  
3.3.11. Gene ontology and pathway enrichment 
For gene ontology analyses, the PLAZA 4.5 platform with default parameters was used (with 
Bonferroni correction; P-value < 0.05,) (Van Bel et al. 2018). The Wilcoxon Rank Sum 
(WRS)-test (with Benjamini Hochberg correction, P-value < 0.05) was used to analyze the 
statistical enrichment for pathways in MapMan (Thimm et al. 2004). 
3.3.12. RNA extraction, reverse transcription and RT-qPCR analysis 
RNA was extracted using the RNeasy Plant Mini Kit (Qiagen) and cDNA was synthesized 
using Tetro Reverse Transcriptase (Bioline). RT-qPCRs were performed with three technical 
and three biological replicates. The qPCR conditions consisted of initial denaturation at 95 °C 
for 10 min, followed by 50 cycles of [95 °C for 25 s, 58 °C for 25 s, 72 °C for 20 s]. 
Expression data were normalized using data of two reference genes (all primers are listed in 
Supplementary file 3.2) and analyzed using REST2009. Transcript levels in gall samples are 
expressed relative to the expression level in uninfected control root tips. 
3.4. Results 
Upon root-knot nematode Meloidogyne graminicola infection in rice, a strong transcriptional 
deregulation occurs in many histone modifying genes at the early stage of infection, 3 dpi 
(Kyndt et al. 2012). At this moment, root-knot nematodes are initiating a feeding site at the 
rice root tips, which is correlated with strong effects on plant defence (Mantelin, Bellafiore, 
and Kyndt 2017; Kyndt et al. 2012). About 80 genes encoding enzymes involved in histone 
lysine acetylation and methylation show expression changes upon nematode infection 
(Supplementary figure 3.1), indicating changes at the epigenomic level.  
In a first experiment, chemical inhibitors of histone modifying enzymes were applied, to 
evaluate if interference with histone marks would affect susceptibility to nematode infection. 
Three previously reported chemical inhibitors of histone modifying enzymes, namely 
nicotinamide (HDAC inhibitor), sulfamethazine (histone and DNA methyltransferase inhibitor) 
and fumaric acid (histone demethylase inhibitor) were applied on rice plants. The activity of 
these chemical inhibitors and their effect on plant development and defence was described in 
previous studies, using the same concentrations as applied here (Tanaka, Kikuchi, and 
Kamada 2008; Bond et al. 2009; Miwa et al. 2017; Zhang et al. 2013; Zhang et al. 2012).  
We verified the effects of these chemical inhibitors on histone modifying enzymes by western 
blot. As can be seen in Supplementary figure 3.2, application of fumaric acid and 
sulfamethazine increased and decreased H3K27me3 levels respectively. Similarly H3K9ac 
levels increased after treatment with nicotinamide compared to the control. All chemicals 
were sprayed (Latzel, González, and Rosenthal 2016; Puy et al. 2018; Dawood et al. 2019; 
Miwa et al. 2017) on plants 24 h before nematode inoculation. H3 levels were also measured 
as a positive control. Since this control is insensitive to the methylation or acetylation state of 
the H3 protein H3 levels should be the same for all conditions. To rule out any direct effects 
on nematodes, we executed foliar application of these chemicals including a surfactant to 
allow adequate uptake and systemic effects in the plants (Nahar et al. 2011). At 14 days after 
spraying, plants were harvested and number of galls and nematodes per plants were 
counted. Data were also expressed per milligram of dry root, to correct for any potential 
growth retardation effects induced by these chemicals in treated plants. Two different 
concentrations of fumaric acid, 2.5 mM and 5 mM, were applied, showing no observable 





the number of galls and nematodes decreased significantly, and in a concentration-
dependent manner, whether expressed per plant or per milligram of dry root (Supplementary 
figure 3.3b and c).  
Sulfamethazine application caused negative effects on plant growth at 2000 µM but not at 
200 µM (Supplementary figure 3.3d). Number of galls and nematodes were significantly 
lower in sulfamethazine-treated plants in comparison with mock-treated control plants, 
whether expressed per plant (Supplementary figure 3.3e) or per milligram of root 
(Supplementary figure 3.3f). We applied two concentrations of nicotinamide, 1 mM and 10 
mM. The lower concentration slightly promoted root development, as previously observed in 
wheat roots and shoots (Mohamed, El-Din, and Foda 1989). However, this application had 
no significant effect on number of galls or nematodes compared to untreated control plants 
(Supplementary figure 3.3g, h and i). The 10 mM concentration caused a significant 
retardation in root and shoot development compared to the 1 mM treated and control plants 
(Supplementary figure 3.3g).  
The number of nematodes was significantly lower in treated plants, per plant and per 
milligram of root, but no significant differences were observed for number of galls 
(Supplementary figure 3.3h and i). Despite the fact that a lack of specificity of these 
compounds precludes from drawing specific conclusions on the role of histone modifications 
in this interaction these results indicate that histone modifications play a role in the parasitic 
interaction between Mg and rice. That is why we decided to execute ChIP-seq analyses for 
specific monitoring of histone modifications in nematode-induced gall tissue. Three histone 
marks with previously described roles in plant-pathogen interactions were selected: H3K9ac, 
H3K9me2 and H3K27me3 (Yan et al. 2020; Yan, Fan, and Li 2019; Ayyappan et al. 2015). 
This was done for 3 biological replicates of gall tissue, in comparison with 3 biological 
replicates of root tips sampled on mock-inoculated control plants. Root tips are the ideal 
control material for studies on plant responses to Mg, as this nematode preferentially induce 
galls close to the root apical meristem (Mantelin, Bellafiore, and Kyndt 2017).  
3.4.1. Nematode-induced galls feature increased levels of H3K9ac 
The involvement of H3K9 acetylation (H3K9ac), a gene activation mark, in plant defence 
against fungi and bacteria was studied before (Yan, Fan, and Li 2019). Here, galls at 3 dpi 
and corresponding root tips of uninoculated plants were collected and were used for 
chromatin immunoprecipitation following DNA sequencing. In total 63 994 H3K9ac peak 
regions were called of which 1062 peak regions were significantly differentially modified in 






Figure 3.1 Analysis of differentially modified histone peaks in 3 dpi nematode-induced galls versus 
uninfected root tips. (a) Log2 fold change (LFC, infected vs. control) of significantly differentially enriched 
peaks for the 3 studied histone marks. (b) Peak distribution over different genomic regions for the three 
studied histone marks. 
We observed H3K9 hyperacetylation in galls compared to roots tips (Figure 3.1a). The peak 
distribution showed that a majority of the peaks overlap with a promoter region less than 1 kb 
from the transcription start site (TSS). Most other peaks are intergenic (Figure 3.1b). To see 
whether these histone peaks are associated with genomic elements (e.g. promoter, gene 
bodies and TEs), their association was evaluated. TE classes DTM and RLG 
overlapped significantly less with H3K9ac peaks than expected (Figure 3.2a). In total, 631 
and 262 protein coding genes were hyperacetylated in their gene body or promoter, 
respectively (Supplementary file 3.3), significantly more than randomly expected (Figure 
3.2a). When focusing on genes with H3K9ac peaks in their promoters no significant GO-
terms were found and the WRS test (Benjamini Hochberg corrected) in MapMan also 
showed no enriched pathways. However, GO-analyses on genes with H3K9ac-peaks in their 
gene body revealed over-representation of genes related to protein modification, more 
specifically phosphorylation, response to organic substance and sequence-specific DNA-
binding (Figure 3.3a). MapMan confirmed significant enrichment in Bin 30.2, containing 





domain containing proteins and HATs were enriched for H3K9ac in their promoters or gene 
bodies. Many of the differentially modified peaks covered genes that are involved in plant 
defence, e.g. encoding PR-proteins, transcription factors of the WRKY, MYB, and ERF 
families, receptor kinases, MAP kinases and hormone related genes especially abscisic acid 
(ABA), auxin and ethylene (ET) (Figure 3.4 and Supplementary file 3.3). 
 
Figure 3.2 Concurrence of histone marks detected in 3 dpi nematode-induced galls and uninfected root 
tips. (a) Significance of overlap between histone peaks and different genic regions or transposable 
elements (TEs). The violin plots show the distribution of the number of overlapping histone peaks and 
randomly scattered TE or gene regions (1000 simulations) and the dots the observed number. Asterisks 
indicate significant differences between the observed number and the random distribution (P-value < 
0.05). (b) Similar as panel (a), but for the overlap between the different histone peaks. (c) Venn diagrams 
of the number of promoter regions and gene body regions shared between the three studied histone 
marks. 
3.4.2. Nematode-induced galls feature depleted levels of H3K9me2  
H3K9 methylation, including H3K9me2, is a repressive histone mark previously described to 
be involved in plant defence (Dutta et al. 2017). A total of 11 162 H3K9me2 peaks were 
called. When comparing the presence of this mark in galls versus root tips we found a total of 
732 genomic regions to be differentially methylated (Supplementary file 3.4). A majority of 
these peaks showed hypomethylation in the galls (Figure 3.1a). Compared to other histone 
peaks, H3K9me2 peaks show the least amount of overlap with the promoter region of genes 
(Figure 3.1b). Only 13 genes were found to have a hypermethylated promoter versus 246 
genes with a hypomethylated promoter (Supplementary file 3.4). When focusing on the gene 
body, 8 genes were observed to be hypermethylated in H3K9me2 versus 100 genes 
hypomethylated (Supplementary file 3.4). Next to the significant depletion of this mark in 
gene bodies and promoters, this was also the case for TE classes DTM and RSU. On the 
other hand, positive associations were found between H3K9me2 peaks and TE classes RLC, 
RLG and RLX (Figure 3.2a). The WRS test analyses in MapMan showed that there is no 
enrichment for any specific pathway among the genes with H3K9me2 in their promoter or 
gene bodies regions. However, H3K9me2 peak containing genes were strongly enriched for 
GO-terms related to pathogenesis and toxin activity (Figure 3.3b). More specifically, we 
detected this mark to be associated with several genes involved in plant defence, such as 
cell wall synthesis, PR genes, thionin genes, transcription factors of the MYB family, receptor 
kinases, as well as hormone related genes mainly involved in the ethylene pathway (Figure 






Figure 3.3 Gene ontology (GO) analysis of the genes associated with differentially modified histone peaks 
in 3 dpi nematode-induced galls versus uninfected root tips. (a) H3K9ac. (b) H3K9me2 and (c) H3K27me3. 
The graphs show the significantly enriched (Log2FC > 0) or depleted (Log2FC < 0) GO terms detected 
among the genes overlapping with the detected peaks in either gene body or gene promoter. Note that no 





3.4.3. Nematode-induced galls feature increased levels of H3K27me3  
Galls and corresponding uninfected root tips were also used for ChIP-seq analyses targeting 
H3K27me3. Data analysis of the sequenced DNA resulted in 10 836 called H3K27me3 
peaks and revealed that upon nematode infection 387 peak regions were significantly 
differentially methylated (Supplementary file 3.5). The H3K27me3 peaks mainly show 
hypermethylation in galls compared to control root tips (Figure 3.1a) and more than 75 % of 
the peaks are located in a 1kb region preceding the TSS of genes (Figure 3.1b). 
Hypermethylation and hypomethylation of promoters occurred in 241 and 12 genes, 
respectively. Similarly, hypermethylation and hypomethylation of gene bodies occurred in 
241 and 14 genes, respectively (Supplementary file 3.5). Next to the generally positive 
association between H3K27me3 and gene bodies as well as promoters, this was also the 
case for TE class DTM. A negative association was found for the presence of H3K27me3 
peaks in TE classes RLC and RLG (Figure 3.2a).  
The WRS test analyses in MapMan showed that no specific pathway is enriched among the 
genes with differential H3K27me3 peaks in promoters or gene bodies. However, GO-
analyses revealed a large set of significant GO-terms related to transcription (factors), 
glutathione hydrolase and to nicotianamine biosynthesis (Figure 3.3c). The list of genes 
associated with hypermethylated H3K27me3-patterns in galls contains many well-known 
players in plant defence including transcription factors from the MYB, ERF and WRKY 
families, heat shock proteins, pectinesterase and thaumatin (Figure 3.4 and Supplementary 
file 3.5). 
 
Figure 3.4 MapMan visualization of genes which are associated with significantly affected histone peaks 
in 3 dpi galls versus uninfected root tips in rice. (a) The visualization shows the pattern of the histone 
mark upon Meloidogyne graminicola infection in galls compared to uninfected control root tips. Red and 
blue denote enrichment and depletion respectively of this mark in infected roots vs. uninfected root tips. 
(b) Expression profile of these genes in 3 dpi galls versus uninfected root tips in rice (based on data 
published in Kyndt et al., 2012). Red and blue denote gene up- and down-regulation in galls vs. uninfected 





3.4.4. Concurrence of studied histone marks 
We evaluated whether the investigated histone marks concurred on genomic regions. 
Presence of H3K27me3 marks showed a significantly negative association with the H3K9ac-
peaks and the H3K9me2-peaks. H3K9ac and H3K9me2 peaks featured a moderate but 
significantly positive overlap, while exhibiting opposite levels of modification changes 
between galls and roots i.e. an increase in H3K9 acetylation for a decrease in methylation 
and vice versa (Figure 3.2b). When evaluating solely gene bodies or promoters (Figure 3.2c; 
Supplementary file 3.6), concurrence between marks was less clear, most likely due to the 
smaller part of the genome considered. The set of genes associated with H3K9ac peaks 
overlapped the most with the set of genes associated with differentially methylated regions, 
compared to the sets of genes associated with H3K9me2 or H3K27me3 peaks (Figure 3.5). 
When looking at overlap between DMRs and histone peaks, 9 CHH DMRs directly overlap 
with H3K9ac peaks compared to 154 and 158 CHH DMRs overlapping with H3K9me2 and 
H3K37me3 peaks respectively.  
 
Figure 3.5 Venn diagram showing the sets of genes that are differentially methylated and/or are 
overlapping with histone peaks. 
3.4.5. Correlation between histone peaks and gene expression profiles 
H3K9ac has been typically associated with transcriptional activation while H3K9me2 and 
H3K27me3 are mainly associated with transcriptional repression. Here, we created a total 
RNA-seq dataset to see whether there is a genome-wide correlation between differentially 
modified histones and gene expression profiles in Mg-induced galls at 3 dpi. Differential 
expression analysis of total RNA sequencing samples of galls 3dpi versus uninfected rice 
roots showed 18 629 protein-coding genes to be differentially expressed of which 9 306 are 






Figure 3.6 Correlation analyses between differentially modified genes and gene expression in nematode-
induced galls. Correlation analyses between differentially modified H3K9ac, H3K9me2 and H3K27me3 
peaks between 3 dpi galls and uninfected root tips, in comparison with the gene expression profile of the 
associated genes at the same time point. These analyses were performed separately for peaks detected 
to be associated with gene promoters (left) or with gene bodies (right). 
Although some correlations between histone marks and gene expression profiles were found 
to be statistically significant, the generally low correlation values and the appearance of the 
correlation plots make it unlikely that these correlations are biologically relevant (Figure 3.6). 
A significantly lower than randomly expected number of differentially expressed genes was 
found among the genes with differentially modified H3K9me2 peaks in promoter or gene 
body (Figure 3.7). 
Although an enrichment for differentially expressed genes was found among the genes with 
differentially modified H3K9ac peaks (Figure 3.6), no tendency towards upregulation was 
detected, as would be expected if the H3K9ac mark would be an activating histone mark. Of 
the 233 DE genes whose promoter overlaps with a differentially modified H3K9ac peak, 106 
were upregulated (P-value = 0.93). DE genes with a differentially modified H3K9ac peak in 
their gene body do show a near significant trend towards upregulation: of the 543 DE genes 
whose gene body overlaps with a differentially modified H3K9ac peak, 291 were upregulated 
(P-value = 0.051).  
Details about differentially expressed genes and their overlap with differentially modified 






Figure 3.7 Association between differentially expressed genes and differentially modified histone peaks. 
The violin plots show the background distribution of overlaps between differentially modified peaks and a 
randomly sampled group of genes/promoters. The dots show the here-observed number of overlaps 
between differentially modified peaks and DE genes, promoters of DE genes. Asterisks indicate 
significant associations (P-value < 0.05). 
3.4.6. Association between histone marks and plant defence genes 
Despite the lack of a clear genome-wide correlation between histone peaks and differentially 
expressed genes, the GO-analyses and manual screening of the lists of genes indicated an 
enrichment for plant defence-related genes. Fifteen genes were selected for RT-qPCR based 
validation of the expression patterns in independently collected Mg-induced gall samples at 3 
dpi. For five defence-related genes associated with significant H3K9 hyperacetylation and 
gene activation, activation patterns were generally confirmed by RT-qPCR (Table 3.1), 
validating the general robustness of our data and the correlation between this mark and 
defence gene activation.  
For five defence-related genes that were significantly associated with H3K9me2 
hypomethylation and that showed gene activation, RT-qPCR generally corresponded with 
the transcriptome results, except for 1 gene (Table 3.1). This reveals that depletion of this 
mark is slightly correlated with activation of these defence-related genes. 
Five defence-related genes associated with significant H3K27 hypermethylation were 
selected. These genes showed diverging expression profiles in the RNA-seq data, and this 
pattern was here independently confirmed by RT-qPCR on gall samples (Table 3.1). These 










Table 3.1 RT-qPCR based confirmation of the expression pattern of a subset of genes which are 
associated with differential histone marks as well as differential gene expression levels in 3 dpi galls 
induced by root-knot nematodes in rice in comparison with uninfected control root tips. The values 
indicate the mean of three biological replicates. Each biological replicate consists of a pool of galls 
obtained from about 20 plants. 
 
3.5. Discussion 
Infection of rice plants by root-knot nematode M. graminicola (Mg) was previously reported to 
cause a striking modulation in the expression of genes involved in histone modifications 
(Supplementary figure 3.1) (Kyndt et al. 2012; Ji et al. 2013). Here, we provide the first 
genome-wide data of histone modification patterns in the interaction between rice plants and 
these parasitic nematodes. At the investigated time point, 3 dpi, early giant cell formation is 
observable in rice roots and galls become macroscopically visible allowing specific sampling 
of the local infection site (Mantelin, Bellafiore, and Kyndt 2017). Our experiments with 
chemical inhibition revealed that these chemicals generally decrease plant susceptibility for 
Mg infection. This is confirming their previously reported activity as defence priming agents 
(Noutoshi et al. 2012; Azooz, Alzahrani, and Youssef 2013; Balmer et al. 2018).  
Noteworthy, application of these chemicals could have widely affected histone marks across 
the genome and this could hence affect the expression of a multitude of genes involved in 
defence and development. We assume that these chemicals generally affect the primary 
metabolic flux and pool of precursors for many development as well as defence-related 
processes in plants, leading to reduced susceptibility for Mg in rice. For example, it has been 
shown that application of sulfamethazine reduces the plant folate pool and consequently the 
levels of S-adenosyl methionine, the donor of methyl groups for many substrates (Shen, 
Issakidis-Bourguet, and Zhou 2016). These data hence precluded us from drawing specific 
conclusions about the role of histone modifications in rice responses to nematode infection 
although they do suggest that histone modifications play a role in this parasitic interaction 
between Mg and rice.  
To gain more robust and specific insights into the changed profiles upon nematode infection, 
we studied the genome-wide pattern of three histone marks namely H3K9ac, H3K9me2 and 
H3K27me3, with the first one generally considered as a gene activation mark and the two 
latter gene repression marks (Armstrong 2014). Confirming its role in gene activation the 
generally hyperacetylated H3K9ac peaks were mainly detected around the TSS site. 
Changes of the repressive mark H3K9me2 were mainly detected in non-genic regions, such 
as TEs, but was significantly under-represented in genes, promotors and around the TSS 
(Figure 3.1b and Figure 3.2a). These observations are in line with previous research. An in-
depth analysis of chromosome 4 of the rice genome determined that H3K9ac is mainly 
present in gene rich euchromatic regions, whereas H3K9me2 tends to occur in 
Modification  Locus number  Annotation  
Log2 fold change (Galls/Root tips) 
RT-qPCR RNA-seq ChIP-seq 
H3K9ac 
Os04g0618700 OsFLS2, Leucine-rich repeat receptor protein kinase 2.23 1.69 0.77 
Os04g0493100 OsbHLH065, ethylene responsive 0.59 0.33 1.27 
Os06g0662200 bZIP transcription factor, OsbZIP52 1.48 0.27 1.77 
Os04g0531400 Lectin-like receptor kinase 0.47 0.32 0.9 
Os03g0116700 OsFBX76 - F-box domain containing protein 1.13 0.24 1.28 
H3K9me2 
Os01g0278600 OsDegp1 - Putative Deg protease homologue 0.42 -0.07 -0.12 
Os04g0316200 cysteine-rich receptor-like protein kinase -2.25 -3.3 -0.1 
Os09g0272600 Expressed protein 3.01 4.06 -0.09 
Os11g0303800 Transposon protein, putative, Pong sub-class, 1.57 0.03 -0.13 
Os06g0513050 THION3 - Plant thionin family protein 0.87 1.27 -0.14 
H3K27me3 
Os04g0580700 OsMADS17, MADS-box family gene with MIKCc type-box 8.78 7.21 0.46 
Os02g0178100 OsBBX3, B-box-containing protein 3 -1.14 -0.73 0.49 
Os01g0164300 POEI43 - Pollen Ole e I allergen and extensin family 1.93 1.27 0.25 
Os03g0132900 CHIT16 - Chitinase family protein -0.38 -0.47 0.39 






heterochromatic regions (Yin et al. 2008). In dragon trees under phytoplasma stress 
differentially modified H3K9ac peaks overlapped with the greatest amount of genes (2577) 
compared to H3K4me3 (1738) and H3K36me3 (986) peaks (Yan, Fan, and Li 2019). 
However, in common bean that is under rust disease stress most differentially modified 
H3K9me2 peaks were found in intergenic regions as were differentially modified H4K12ac 
peaks (Ayyappan et al. 2015). In case of H3K27me3, the generally hypermethylated peaks 
were mostly detected around the TSS. Only a small number of genes showed significant 
changes for more than one of the here-investigated histone marks (Figure 3.1b and Figure 
3.2a).  
Our data revealed a strong genome-wide quasi-unilateral shift in these histone marks early 
upon Mg infection, with general enrichment of genome-wide H3K9ac, and H3K27me3 but 
depletion of H3K9me2 in young gall tissue compared to uninfected root tips. Strong genome-
wide modification of histone marks in plants upon pathogen infection has been described 
before, but only upon aboveground infection by phytoplasma and fungi. For example, in bean 
plants infected with rust pathogen Uromyces appendiculatus, H3K9me2 and H4K12ac 
showed strong unilateral modification and similar to our data, transcription factors from the 
WRKY, MYB and bZIP families were affected by these marks (Ayyappan et al. 2015). In 
another study on Paulownia fortune upon infection by phytoplasma, 1,788 and 939 genomic 
regions were hyper- and hypoacetylated at H3K9 (Yan, Fan, and Li 2019). Although a sharp 
hyperacetylation was not observed, the peaks reported in that study were also related with 
GO terms metabolic process, cellular process and response to stimulus, as seen in our data 
(Figure 3.3) (Yan, Fan, and Li 2019). In these 3 dpi galls compared to control tissue, many 
defence related genes were marked by differential histone marks at H3K9 (Figure 3.4).  
For example, many plant defence related genes were strongly hyperacetylated at H3K9 in 
galls, which is correlated with activated expression of these modified genes (Table 3.1). In 
contrast to H3K9me2 which was mainly detected in distal promotor regions and intergenic 
regions, H3K9ac and H3K27me3 peaks were strongly associated with proximal gene 
promoters and gene bodies (Figure 3.1b). There is an association between H3K9me2 and 
DNA methylation. The SAWADEE HOMEODOMAIN HOMOLOG 1 (SHH1) recognizes and 
binds with genomic loci marked with H3K9me2. SHH1 facilitates the recruitment of Pol IV 
which is a necessary step in RNA-directed DNA methylation (Johnson, Cao, and Jacobsen 
2002). However, no clear genome-wide correlation with transcriptome data of 3 dpi galls was 
observed for any of the histone marks (Figure 3.6). The lack of a direct correlation between 
changes in gene expression and changes for a particular histone modification has been 
reported before. It confirms a previous study where no general correlation between loss or 
gain of H3K27me3 and gene expression was detected in the rice inflorescence meristem (Liu 
et al. 2015). A similar observation was made by Yan et al. in dragon trees that were stressed 
with Paulownia withes’-broom disease caused by phytoplasma. Only 16.8 % (292 of 1738), 
18.1 % (178 of 986), 16.8 % (434 of 2577) genes differentially modified by H3K4me3, 
H3K36me3, and H3K9ac, showed differential gene expression under phytoplasma stress 
(Yan, Fan, and Li 2019). 
We therefore hypothesize that there is a sophisticated cross talk between multiple epigenetic 
marks in the regulation of gene expression in plants. Very likely our observed histone 
changes are offset by other changes in histone marks. Other changes in histone marks can 
enhance or reduce the effects of a particular histone mark, depending on the genomic 
location. Gene expression can also be affected by histone modifications that are nearby but 
do not overlap with a gene (Moyra Lawrence, Daujat, and Schneider 2016). According to our 
observations there are strong modulations in the histone acetylome and methylome upon Mg 
infection, although this is not associated with genome-wide changes in expression profiles at 
the same time point. It is therefore also possible that the observed histone changes only 
transiently induce or repress expression. In that case more time points would be needed to 
analyze the effect of histone modifications on expression. Another possibility is that the 





Further studies using other histone marks and multiple time points will be required to 
elucidate if and how the network of histone modifying genes, resulting marks and their 
interactions can modulate the genome-wide expression of the targeted genes. For example, 
it is possible that the genes are primed for activation at later time points. Nevertheless, we 
have detected specific changes in histone marks around a subset of plant-defence related 
genes for each investigated mark. Also, the unilateral change in histone dynamics for each of 
the here-studied marks indicates that histone modifications play a role in the plant response 
upon Mg infection.  
The question arises how the genome is able to target histone changes specifically towards a 
subset of defence-related genes, and whether the parasitic nematode actively interferes with 
this response to attain susceptibility. We speculate that each histone modifying enzyme has 
the specific task to control a certain group of plant defence genes, such as for example 
shown for HDAC19 in controlling JA/ET-based defence responses (Zhou et al. 2005). Further 
detailed functional investigations on specific HDAC, HMTs and SDGs will be needed to prove 
this hypothesis.  
In summary, in this manuscript we present the first genome-wide study of 3 histone marks in 
young galls induced upon Mg infection in rice roots. We showed that each of these histone 
mark showed a different unilateral shift (hypo- or hyper methylation or acetylation) and many 
of the genes marked with changes at H3K9 are involved in important plant defence 
pathways. Additional research targeting other histone marks and the elucidation of the exact 
underlying defence mechanism activated upon chemical modulation of specific histone 
modification pathways are needed to depict a complete picture of epigenetic mechanisms 






3.6. Supplementary information 
Supplementary figure 3.1 Expression profile of genes involved in histone acetylation, 
histone deacetylation, histone methylation and histone demethylation in nematode-induced 
galls at 3 dpi. 
Supplementary figure 3.2 Western blotting analysis of histone modifications H3K27me3 
and H3K9ac after treatment with fumaric acid, sulfamethazine and nicotinamide. 
Supplementary figure 3.3 Effect of chemical of histone modifying enzymes on rice growth 
and susceptibility for root-knot nematode infection. 
Supplementary file 3.1 Read counts per sample and quality control metrics of ChIP 
sequencing samples. Available upon request. 
Supplementary file 3.2 Primers used in this study. Available upon request. 
Supplementary file 3.3 List of all called H3K9ac peaks, the subset of differentially modified 
H3K9ac peaks and all genes associated with differentially modified H3K9ac peaks in their 
promoter or gene bodies at 3 dpi upon nematode infection in rice roots. Available upon 
request. 
Supplementary file 3.4 List of all called H3K9me2 peaks, the subset of differentially 
modified H3K9me2 peaks and all genes associated with differentially modified H3K9me2 
peaks in their promoter or gene bodies at 3 dpi upon nematode infection in rice roots. 
Available upon request. 
Supplementary file 3.5 List of all called H3K27me3 peaks, the subset of differentially 
modified H3K27me3 peaks and all genes associated with differentially modified H3K27me3 
peaks in their promoter or gene bodies at 3 dpi upon nematode infection in rice roots. 
Available upon request. 
Supplementary file 3.6 List of genes associated with multiple detected histone marks in 
their promoter or gene bodies at 3 dpi upon nematode infection in rice roots. Available upon 
request. 
Supplementary file 3.7 Read count statistics of RNA sequencing samples, differentially 
expressed genes after Meloidogyne graminicola infection 3 days post inoculation and their 







Supplementary figure 3.1 Expression profile of genes involved in (a) histone acetylation, (b) histone 
deacetylation, (c) histone methylation and (d) histone demethylation in nematode-induced galls at 3 dpi, 
as observed in our previously published transcriptome analysis of the rice - Meloidogyne graminicola 








Supplementary figure 3.2 Western blotting analysis of histone modifications H3K27me3 and H3K9ac after 
treatment with fumaric acid, sulfamethazine and nicotinamide. H3 serves as a positive control for even 







Supplementary figure 3.3 Effect of chemical of histone modifying enzymes on rice growth and 
susceptibility for root-knot nematode infection. Plants were treated with different chemicals at 24 h before 
inoculation with 300 J2 of M. graminicola per plant. Root and shoot length as well as number of galls were 
evaluated 14 days later. (a-c) Effect of fumaric acid on rice growth and susceptibility to nematodes, (d-f) 
Effect of sulfamethazine on plant growth and susceptibility to nematodes, (g-i) Effect of nicotinamide on 
plant growth and susceptibility to nematodes (n = 20). For all subpanels different letters denote 
significant differences (P-value < 0.05). Error bars indicate SEM. 
Supplementary file 3.1 Read counts per sample and quality control metrics of ChIP sequencing samples. 
Available upon request. 
Supplementary file 3.2 Primers used in this study. Available upon request. 
Supplementary file 3.3 List of all called H3K9ac peaks, the subset of differentially modified H3K9ac peaks 
and all genes associated with differentially modified H3K9ac peaks in their promoter or gene bodies at 3 
dpi upon nematode infection in rice roots. Available upon request. 
Supplementary file 3.4 List of all called H3K9me2 peaks, the subset of differentially modified H3K9me2 
peaks and all genes associated with differentially modified H3K9me2 peaks in their promoter or gene 
bodies at 3 dpi upon nematode infection in rice roots. Available upon request. 
Supplementary file 3.5 List of all called H3K27me3 peaks, the subset of differentially modified H3K27me3 
peaks and all genes associated with differentially modified H3K27me3 peaks in their promoter or gene 
bodies at 3 dpi upon nematode infection in rice roots. Available upon request. 
Supplementary file 3.6 List of genes associated with multiple detected histone marks in their promoter or 
gene bodies at 3 dpi upon nematode infection in rice roots. Available upon request. 
Supplementary file 3.7 Read count statistics of RNA sequencing samples, differentially expressed genes 
after Meloidogyne graminicola infection 3 days post inoculation and their overlap with differentially 
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RT-qPCR is a widely used method to investigate the expression levels of genes under 
certain conditions. A key step, however, to have reliable results is the normalization of 
expression. For every experimental condition, suitable reference genes must be chosen. 
These reference genes must not be affected by differences in experimental conditions. 
MicroRNAs are regulatory RNA molecules, able to direct the expression levels of protein 
coding genes. In plants, their attributed functions range from roles in development to 
immunity. In this work, microRNAs (miRNAs) were evaluated for their suitability as reference 
genes in rice after infection with root-knot nematode Meloidogyne graminicola or after 
priming with beta-amino butyric acid. The evaluation was based on their amplification 
efficiency and their stability estimates according to geNorm, NormFinder and BestKeeper. All 
tested miRNAs, excluding one, were considered acceptable for normalization. Furthermore, 
miRNAs were validated using miRNA sequencing data. The set of microRNAs miR390-5p 
and miR7694-3p was found to be the most stable combination under the tested conditions. 
Another miRNA set consisting of miR7694-3p, miR1868 and miR1849 also showed potential 
to be used for miRNA expression normalization under experimental conditions beyond the 
scope of this study. This work is the first report on reference miRNAs in rice for the purpose 
of plant defence studies. 
4.2. Introduction 
Rice (Oryza sativa) is a staple food worldwide with an annual yield of over 770 million tons 
(FAOSTAT 2018). It is mainly grown under anaerobic conditions, such as in rice paddies, 
and faces constant challenges from biotic stresses, such as fungi and nematodes. 
Nematodes alone can cause yield losses up to 25 % (Bridge, Plowright, and Peng 2005). 
Because of its detailed gene annotation and relatively small genome of ca. 420 Mbp, it is 
often used as a monocot model organism. At the same time, there is an interest in exploring 
new avenues for biotechnological improvement of rice yield and immunity. These studies are 
increasingly focusing on microRNAs (miRNAs), 20-24 nt long RNAs that regulate gene 
expression by targeting complementary mRNAs. In plants this is generally followed by RNA 
Induced Silencing Complex-directed cleavage of the mRNA, while animal miRNAs mainly 
function by inhibiting translation (Millar and Waterhouse 2005). Plant microRNAs play 
important roles in numerous processes ranging from development to stress responses 
(Djami-Tchatchou et al. 2017). In rice, for example, overexpression of miR319 led to 
increased cold tolerance while expression of miR397 has a positive effect on yield 
parameters such as grain size and panicle branching (Yang et al. 2013; Wang et al. 2014; 
Zhang et al. 2013). To understand their functionality, targeting effectiveness and role in 
biological pathways it is critical that the expression of miRNAs is accurately assessed. 
The most commonly used method for the evaluation of gene expression is reverse 
transcriptase-quantitative polymerase chain reaction (RT-qPCR). To account for technical 
variation due to factors such as differences in sample size, pipetting errors and sample 
quality, normalization is a crucial step in expression analysis (Pritchard, Cheng, and Tewari 
2012). Mean expression value normalization can be used but is only valid if the number of 
miRNAs tested is sufficiently large and if there is no general trend towards miRNA over or 
underexpression. This strategy is therefore generally not applicable to experiments that focus 
on a specific selection of miRNAs (Mestdagh et al. 2009). A very common alternative 
normalization technique is to use endogenous reference genes, which are known to be 
stably expressed under the conditions analyzed. Ribosomal RNA genes such as 18S 
ribosomal RNA are often chosen for this purpose (Chugh and Dittmer 2012). Ideally, genes 
used for normalization should belong to the same RNA-class as the genes of interest, to 
avoid bias created by differences in extraction efficiency, reverse transcription and/or PCR 
amplification (Chugh and Dittmer 2012). Furthermore, reference genes should be validated 
for new experimental conditions since their expression may be treatment dependent,(Kozera 
and Rapacz 2013) which has been demonstrated even for commonly used reference genes 




such as actin and GAPDH (Schmittgen and Zakrajsek 2000; Selvey et al. 2001). Indeed, 
there is evidence that no gene can be universally used as a reference gene, which 
emphasizes the need for systematic validation of reference genes (Gutierrez et al. 2008).  
In this work, several miRNAs were tested for their suitability as reference genes in rice plant 
defence studies. A first treatment assessed constitutes the infection of rice plants with the 
root knot nematode Meloidogyne graminicola. This endoparasitic pathogen is able to 
penetrate roots after which it creates feeding structures known as giant cells through the 
reorganization of vascular cells. These cells go through multiple mitosis cycles, but without 
cytokinesis steps, resulting in large multinucleic cells. The cells also undergo metabolic and 
developmental reprogramming while the defence response is suppressed (Gheysen and 
Mitchum 2011). As second treatment, beta-amino butyric acid (BABA) was applied on rice 
plants. BABA is a well-known plant defence activating molecule against both biotic as well as 
abiotic stresses (Ji et al. 2015; Buswell et al. 2018; Slaughter et al. 2012; Jisha and Puthur 
2016). Candidate reference miRNAs were evaluated in both conditions. The best scoring pair 
of candidates was validated using a publicly available miRNA-sequencing dataset of rice 
under infection by rice stripe virus. This allows to compare the performance of the candidate 
reference miRNAs with state-of-the-art RNA-sequencing normalization strategies by means 
of standard quality control plots and statistics.  
4.3. Materials and methods 
4.3.1. Plant materials 
Seeds of Oryza sativa cv. ‘Nipponbare’ (GSOR 100, USDA) were germinated for 3 days at 
30 °C on paper cloths that were drenched with tap water. Seedlings were transferred into 
SAP substrate (sand-absorbent polymer) (Reversat et al. 1999) and grown at 26 °C under a 
16 h/8 h light/dark regime. We aimed at comparing three treatment groups. Firstly, at 14 days 
old, each plant was inoculated with ca. 200 stage 2 juveniles of Meloidogyne graminicola. 
Galls were collected three days after inoculation, forming the first group (day 17). Secondly, 
at 16 days, plants were root-drenched with 3.5 mM BABA (Sigma Aldrich) dissolved in 
distillated water. Root tips were collected 24 hours after application, composing the second 
treatment group (day 17). Thirdly, at 14 days old, control plants were mock-treated with 
distillated water. Root tips were collected after three days, i.e. the control group (day 17). 
Plant materials were immediately frozen in liquid nitrogen and stored at -80 °C. Each 
treatment consisted of four biological replicates. Each biological replicate consisted of 10 
plants. 
4.3.2. Selection of candidate reference genes 
Candidate reference genes were selected from an in-house small RNA sequencing dataset 
(Chapter 5). The selection was made based on adjusted P-values relating to the significance 
of expression changes of miRNAs between roots of uninfected rice plants and galls of rice 
plants three days post inoculation, i.e. non-differentially expressed miRNAs were selected. 
High adjusted P-values (adjusted for multiple testing using the Benjamini-Hochberg 
correction) indicate a stable expression across experimental conditions. A second filtering 
step was done by selecting mature miRNAs whose sequences are unique in the rice 
genome, which was verified by the BLAST service of miRbase (http://www.mirbase.org/) 
(Kozomara, Birgaoanu, and Griffiths-Jones 2018). The names of the candidate reference 
genes are miR166m, miR5149, miR164e, miR156l-5p, miR7694-3p, miR535-3p, miR1876, 
miR390-5p, miR168a-3p, miR1882e-3p, miR1849 and miR1868. The miRBase accession 
numbers of these miRNAs are presented in Supplementary table 4.1.  
4.3.3. Primer design 
RT-qPCR was performed using the stem-loop PCR method of Varkonyi-Gasic et al. 
(Varkonyi-Gasic et al. 2007). Therefore, two primers were designed for each candidate 





for amplification. A universal reverse primer was used. All primers were manufactured by 
Sigma-Aldrich (United Kingdom). The list of primers can be found in Supplementary table 
4.1. 
4.3.4. RT-qPCR 
Frozen samples were ground and total RNA was extracted using the ZR Plant RNA Miniprep 
kit (Zymo Research) according to the manufacturer’s instructions. The bead beater step was 
performed using a FastPrep-24 homogenizer (MP Biomedicals) at a speed of 4 m/s for 45 s. 
All centrifugal steps were performed at 16 000 x g. 
For DNase treatment, 1 µg of total RNA per sample was combined with 3.6 µL DNase I 
buffer + MgCl2 (10 X, B43, Thermo Scientific), 1 µL RiboLock RNase Inhibitor (40 U/µL, 
EO0381, Thermo Scientific) and 1 µL DNAse I (1 U/µL, EN0521, Thermo Scientific). 
Afterwards, RNase-free water was added until a total volume of 36 µL followed by incubation 
for 30 minutes at 37 °C. Finally, 4 µL EDTA (25 mM, Thermo Scientific) was added before 
incubating for 10 minutes at 65 °C. RNA quality was checked using a NanoDrop 2000 
spectrophotometer (Thermo Scientific).  
Reverse transcription (RT) was performed using the Tetro cDNA synthesis kit (Bioline). For 
every RT reaction two mixes were made. The first mix consisted of 0.5 µL 10 mM dNTP mix 
(RNAse free), 8.5 µL nuclease free H2O and 1 µL 1 mM of appropriate stem-loop primer 
(RNAse free). This mix was incubated at 65 °C for five minutes after which it was cooled on 
ice for two minutes. The second mix consisted of 4 µL RT buffer, 0.5 µL Ribosafe RNase 
inhibitor (10 U/µL) and 0.25 µL Tetro reverse transcriptase (200 U/µL). The two mixes were 
subsequently combined with 1 µL RNA and 4.25 µL H2O for a total reaction volume of 20 µL. 
Afterwards, samples were loaded into a T100 thermal cycler (Bio-Rad) and incubated for 30 
minutes at 16 °C, followed by pulsed RT of 60 cycles at 30 °C for 30 s, 42 °C for 30 s and 50 
°C for 1 s. 
qPCR was performed using the SensiMix SYBR Hi-ROX kit (Bioline). Three technical 
replicates were used per sample. Each sample mix consists of 10 µL 2 x SensiMix, 1 µL 10 
µM forward primer, 1 µL 10 µM reverse primer, 1 µL cDNA sample and 7 µL H2O. Non 
template controls (NTCs) were made consisting of 10 µL 2 x SensiMix, 1 µL 10 µM forward 
primer, 1 µL 10 µM reverse primer and 8 µL H2O. Sample mixes and NTCs were 
appropriately combined in a 96 well plate using a CAS-1200 Liquid Handling Robot (Corbett 
Robotics). Finally, the plate was inserted into a CFX Connect Real-Time system (Bio-Rad). 
The thermocycling steps were as follows: 
1. 95 °C for 10 minutes 
2. 95 °C for 25 seconds 
3. 58 °C for 25 seconds 
4. 72 °C for 20 seconds 
5. Increment temperature from 65 °C to 95 °C to obtain melting curves 
4.3.5. Data analysis 
CFX Manager (version 3.1.1217.0823) was used for qPCR analysis. Cq values were 
determined using the regression modus. Uniformity of the melting curves was assessed as a 
quality control step. Amplification curves were fitted using the CFX Manager. The 
amplification efficiency was calculated using the value of the slope of the fitted amplification 
efficiency curves with the following formula: 
𝐸 = 10−1 𝑠𝑙𝑜𝑝𝑒⁄  
 
Repeat 49 times 




The standard error (SE) of the efficiency values was calculated using a Taylor’s series 










Slope is the slope of the fitted amplification curve, Y and Y’ respectively represent actual and 
predicted Cq values while N is the number of datapoints per amplification curve.  
geNorm, NormFinder and BestKeeper were used for expression stability assessment 
(Vandesompele et al. 2002; Andersen, Jensen, and Ørntoft 2004; Pfaffl et al. 2004). geNorm 
was used as part of qbase+ that was installed on a local server. The expression stability of 
candidate reference genes was estimated by NormFinder through the calculation of a 
stability value based on intra- and intergroup variation. Lower intra- and intergroup variation 
will result in a lower stability value, which reflects more stable expression, essential for 
candidate reference genes. For NormFinder, Cq values of technical replicates were averaged 
and the averages were transformed into Q values. This transformation is necessary since 
NormFinder expects the input values to be on a linear scale. The following formula was used: 
𝑄 = 𝐸(𝐶𝑞,𝑚𝑖𝑛−𝐶𝑞) 
Cq,min is the lowest Cq value for a candidate reference gene across all samples.  
BestKeeper makes pair-wise correlations between all samples as well as between samples 
and an index that is calculated as the geometric mean of the Cq values. A higher coefficient 
of correlation indicates a more stable reference gene. 
4.3.6. Validation 
A relevant miRNA sequencing dataset of rice infected with rice stripe virus was obtained from 
the GEO repository (accession number GSE74498) (Yang et al. 2016). All treatments and 
controls had three biological replicates. For all samples, trimming was done with 
Trimmomatic (v0.38) using following parameters: ILLUMINACLIP:3:30:10, MAXINFO:23:1, 
SLIDINGWINDOW:5:30, MINLEN:17 (Bolger, Lohse, and Usadel 2014). STAR (v2.6.1d) was 
used for mapping using following parameters: --outFilterMismatchNoverLmax 0.05, --
outFilterMatchNmin 16, --outFilterScoreMinOverLread 0, --outFilterMatchNminOverLread 0, -
-alignIntronMax 1 (Zaleski et al. 2012). These settings were also used within the ENCODE 
project specifically for small RNA mapping (Dobin 2013). Afterwards, samtools (v1.3) was 
used to merge multiplexed samples and extract unique mappings (Li et al. 2009). A GTF file 
was downloaded from miRbase (v22) with all known mature rice miRNAs. Count tables were 
generated by the summarizeOverlaps function in the GenomicAlignments R package 
(v1.16.0) (Lawrence et al. 2013). The following options were used for counting: mode=’Union’ 
and singleEnd=TRUE. 
Multiple normalization methods were used: Firstly, naive library size scaling, performed by 
calculating count per million mapped reads (CPM) per sample. Secondly, DESeq2 (v1.22.2) 
normalization, standard normalization strategy was applied, which involves calculation of the 
size factors determined by the median ratio of gene counts relative to geometric mean per 
gene (Love, Huber, and Anders 2014). Thirdly, edgeR (v 3.24.3) normalization, the effective 
library size was estimated using the trimmed mean of M values method and taken into 
account for CPM value calculation (Robinson and Oshlack 2010). Finally, reference gene 
miRNA normalization was performed by calculating a scaling factor which is the geometric 
mean of the counts of the selected reference genes per sample. A pseudocount of 1 was 
added to the count table to enable use of logarithmic transformation. Differences between 
normalization strategies were evaluated by considering three types of plots: MA-plots, 






Twelve miRNA genes were selected to test their suitability as reference genes in Oryza 
sativa. The setup included three experimental conditions, galls sampled at three-days after 
inoculation with Meloidogyne graminicola, soil drenching with 3.5 mM BABA and mock-
treated control plants. As a quality control step, the melt curves of the candidate reference 
genes were analyzed. For miR5149 and miR164e no unimodal melt peaks could be 
generated, whereas for miR156l-5p, melt peaks were not uniform over all samples. 
Therefore, these genes were discarded from further analysis. 
4.4.1. Amplification efficiency 
The amplification efficiency of the candidate reference genes was determined using a 10-fold 
dilution series of a pooled cDNA sample containing all samples over all experimental 
conditions (Figure 4.1). Cq values higher than 40 were deemed unreliable and were omitted. 
A clear outlier was miR166m which had an amplification efficiency of 2473.4 % and was thus 
discarded. Amplification efficiencies of more than 100 % are usually due to polymerase 
inhibition through contaminants in the sample. This effect is more pronounced in highly 
concentrated samples where it increases the Cq values thus flattening the amplification 
efficiency curve. The amplification efficiencies of the other candidate reference genes ranged 
from 79.2 % to 112.1 % while the correlation coefficients of their fitted dilution curves varied 
from 0.968 to 0.998. 
 
Figure 4.1 Amplification efficiency curves. The expression levels of the candidate reference genes were 
assessed in a 10-fold dilution series of pooled samples of all conditions. Three technical replicates were 
used. Amplification efficiency curves were fitted to the Cq values using linear regression and are shown 
on a log scale. The corresponding efficiency value (E), standard error of the efficiency value (SE(E)) and 
coefficient of determination of the fitted curve (R²) are shown per candidate reference gene. Cq values > 
40 were omitted. 
4.4.2. geNorm analysis 
geNorm utilizes two metrics to evaluate the reference potential of candidate genes. The first 
metric is the M-value which signifies the expression stability of a gene relative to the other 
genes that are tested. A higher M-value indicates lower stability. The second metric is the 
coefficient of variation (CV), which indicates how stably a gene is expressed across 
conditions. A higher CV-value indicates lower stability. 
The M and CV-values are shown in Table 4.1. M-values vary between 0.342 and 0.991 
across conditions while CV-values vary between 0.115 and 0.578. Candidate reference 
genes miR390-5p and miR7694-3p score the best: in terms of M-value, they are among the 
best three candidates in every sample grouping with miR7694-3p topping the list in two 
sample groupings (Infection and BABA) while miR390-5p has the lowest M-value in the All 




grouping. In terms of CV-value miR7694-3p and miR390-5p are the best candidates in every 
sample grouping.  
Table 4.1 M and CV-values of candidate reference miRNAs for all sample groupings. Three sample 
groupings were used: (All) all samples, (Infection) infected + control samples, (BABA) BABA treated + 
control samples. Four biological replicates were used per treatment. Three technical replicates were used 
per biological replicate. 
  M CV 
  All Infection BABA All Infection BABA 
miR168a-3p 0.529 0.54 0.377 0.208 0.253 0.123 
miR1849 0.68 0.523 0.731 0.349 0.232 0.433 
miR1868 0.593 0.551 0.382 0.328 0.292 0.141 
miR1876 0.474 0.454 0.361 0.164 0.194 0.132 
miR1882e-3p 0.527 0.526 0.376 0.257 0.286 0.143 
miR390-5p 0.462 0.441 0.367 0.123 0.146 0.116 
miR535-3p 0.991 0.818 0.689 0.578 0.541 0.401 
miR7694-3p 0.475 0.44 0.342 0.15 0.148 0.118 
The M-value of a candidate reference gene is dependent on the set of samples that are 
considered in the analysis as well as on the stability of other candidate reference genes. To 
clarify, at the start of the analysis all candidate reference genes are selected and an M-value 
is calculated for each of them. The average of those M-values is the leftmost point in Figure 
4.2a-c. Then, the candidate reference gene that is the most unstable i.e. has the highest M-
value, is removed from the selection and M-values are calculated for the remaining candidate 
reference genes. A new average M-value is calculated which is the next point in Figure 4.2a-
c. This goes on until only a single reference gene remains. In Figure 4.2a-c, the x-axis shows 
in which order the candidate reference genes are removed from the selection.  
If samples of all conditions are taken into account i.e. BABA treatment, infection and control 
(All grouping), then miR7694-3p and miR390-5p are the most stable reference genes after 
stepwise exclusion of the most unstable candidate reference gene (Figure 4.2a). Similarly, if 
only control and infection samples are taken into account (Infection grouping), then 
miR1882e-3p and miR1876 are the most stable reference genes (Figure 4.2b). Lastly, if only 
control and BABA treatment samples are considered (BABA grouping), then miR7694-3p 
and miR1882e-3p are identified as the most stable candidates (Figure 4.2c). Candidate 
miR535-3p is the least stable gene in the All and Infection grouping while miR1849 was the 






Figure 4.2 geNorm assessment of candidate reference gene stability. (a), (b), (c): change of average M-
value of the candidate reference gene set after stepwise exclusion of the least stable reference gene 
involving (a) all samples, (b) infected + control samples, (c) BABA treated + control samples. (d): change 
in V-value after stepwise inclusion of candidate reference genes in the reference gene set. Four biological 
replicates were used per treatment. Three technical replicates were used per biological replicate. 
It is preferred to use multiple reference genes for the normalization of qPCR data 
(Vandesompele et al. 2002). In order to determine the optimal number of reference genes, V-
values are calculated per added gene to the reference gene set. V-values represent the 
pairwise variation between a normalization factor based on a set of reference genes and a 
normalization factor that is based on that same set of reference genes and one additional 
reference gene. Thus, the V-value reflects to which extent expression normalization is 
affected by adding an extra gene to the set of reference genes. If the V-value is lower than 
0.15 it is no longer considered beneficial to add an extra gene to the reference gene set. In 
every sample combination, the V2/3 value is already below the 0.15 threshold indicating that 
two reference genes are sufficient (Figure 4.2d) (Vandesompele et al. 2002). 
4.4.3. NormFinder 
NormFinder ranks candidate reference genes by calculating the inter- and intragroup 
variation for every gene and combining these metrics into a stability value (Andersen, 
Jensen, and Ørntoft 2004). Lower stability values indicate stabler gene expression. In all 
groupings miR390-5p and miR7694-3p are the top two most stable reference genes while 
miR168a-3p ranks third (Table 4.2). In the BABA grouping, miR390-5p and miR7694-3p are 
joint first since they have an identical stability score. Overall, stability values varied between 
0.104 and 0.549. 
4.4.4. BestKeeper 
BestKeeper uses a multi-step approach towards the determination of the most stable 
reference genes (Pfaffl et al. 2004). First, it labels candidate reference genes as stable or 
unstable based on its SD (standard deviation). An SD higher than 1 marks a gene as 
unstable. The remaining genes are used to create an index by taking a geometric mean per 
sample of the Cq values. Then, a Pearson correlation coefficient is calculated between each 
candidate reference gene and the index which is used to rank the candidate reference genes 
(Table 4.2). A higher correlation coefficient indicates a higher stability. The BABA grouping 
shows lower correlation coefficients (0.016 - 0.725) than the All grouping (0.185 - 0.906) or 
Infection grouping (0.293 – 0.958). Notably, miR390-5p is considered to be the most stable 
reference gene in two (All, BABA) of the three sample groupings. 




Table 4.2 Ranking of candidate reference genes according to NormFinder and BestKeeper using stability 
values and Pearson correlation coefficients (r) respectively. Three sample grouping were used: (All) all 
samples, (Infection) infected + control samples, (BABA) BABA treated + control samples. SD: standard 
deviation. Four biological replicates were used per treatment. Three technical replicates were used per 
biological replicate. 
NormFinder    BestKeeper 










miRNA SD r miRNA SD r miRNA SD r 
miR390-5p 0.118 miR7694-3p 0.104 miR7694-3p 0.110 miR390-5p 0.44 0.906 miR1849 0.54 0.958 miR390-5p 0.24 0.725 
miR7694-3p 0.141 miR390-5p 0.115 miR390-5p 0.110 miR535-3p 1.05 0.9 miR535-3p 1.01 0.923 miR168a-3p 0.24 0.719 
miR168a-3p 0.163 miR168a-3p 0.197 miR168a-3p 0.114 miR7694-3p 0.44 0.879 miR7694-3p 0.47 0.894 miR1868 0.16 0.621 
miR1876 0.171 miR1876 0.199 miR1882e-3p 0.129 miR168a-3p 0.39 0.846 miR390-5p 0.43 0.88 miR535-3p 0.63 0.542 
miR1882e-3p 0.246 miR1849 0.242 miR1876 0.143 miR1876 0.31 0.801 miR168a-3p 0.47 0.795 miR7694-3p 0.15 0.469 
miR1868 0.325 miR1882e-3p 0.270 miR1868 0.151 miR1849 0.48 0.648 miR1876 0.26 0.794 miR1849 0.49 0.385 
miR1849 0.352 miR1868 0.326 miR535-3p 0.365 miR1882e-3p 0.19 0.559 miR1882e-3p 0.19 0.494 miR1876 0.19 0.353 
miR535-3p 0.549 miR535-3p 0.458 miR1849 0.432 miR1868 0.16 0.185 miR1868 0.15 0.293 miR1882e-3p 0.11 0.016 
The rankings of the candidate reference genes obtained by analyses in geNorm, NormFinder 
and BestKeeper are combined to determine an overall stability ranking: per candidate 
reference gene, rankings are used to calculate a geometric mean (Table 4.3). For geNorm, 
rankings from the stepwise exclusion analysis were used (Figure 4.2A-C). Based on this 
comparison, miR390-5p and miR7694-3p are the highest ranked and the final choice as 
reference genes. 
Table 4.3 Rankings by geNorm, NormFinder and BestKeeper per sample grouping for each candidate 
reference gene. Three sample grouping were used: (All) all samples, (Infection) infected + control 
samples, (BABA) BABA treated + control samples. 
  geNorm NormFinder BestKeeper   
  All Infection BABA All Infection BABA All Infection BABA  Geometric mean 
miR390-5p 1 4 4 1 2 1 1 4 1 1.71 
miR7694-3p 2 5 1 2 1 1 3 3 5 2.13 
miR168a-3p 3 7 6 3 3 3 4 5 2 3.72 
miR1876 4 1 3 4 4 5 5 6 7 3.88 
miR1882e-3p 5 2 2 5 6 4 7 7 8 4.61 
miR535-3p 8 8 7 8 8 7 2 2 4 5.28 
miR1849 7 6 8 7 5 8 6 1 6 5.32 
miR1868 6 3 5 6 7 6 8 8 3 5.47 
4.4.5. Validation 
To validate the suitability of miR390-5p and miR7694-3p as miRNA reference genes, a public 
miRNA sequencing dataset of rice under infection by rice stripe virus was used (Yang et al. 
2016). This strategy allows to use common quality control methods to assess the 
performance of the reference genes in comparison with 4 normalization strategies: No 
normalization, naïve library size normalization, DESeq2 normalization and edgeR 
normalization (trimmed mean of M-values).  
First, MA-plots were created to compare the effects of the normalization strategies. As can 
be seen in Figure 4.3a, the miRNA normalization performs equally well as the other 
normalization methods. Log2 fold change values show a symmetrical spread and are 
centered around 0 for increasing counts. A successful normalization of count data results in 






Figure 4.3 Normalization of count data using default or miRNA normalization with either DESeq2 or 
edgeR. (a): MA-plots of DESeq2 show log2 fold change in function of the mean of normalized counts over 
all samples. MA-plots of edgeR show log2 fold change in function of average logCPM (average of 
logarithmic counts per million over all samples) (b): Density plots of DESeq2 show density in function of 
the logarithmic transformed normalized counts. Density plots of edgeR show density in function of 
log2CPM (logarithmic counts per million) (c): scree plots. 
Additionally, density plots were generated for all samples (Figure 4.3b). Unnormalized counts 
and counts normalized by edgeR exhibit highest degree of overlap of density profiles 
between samples. Sample density profiles of miRNA normalized counts show a slight spread 
but are still highly overlapping. Finally, normalization effects were verified using principal 
component analysis. Successful normalization reduces technical dependency between 
variables, resulting in a reduced amount of variance that can be explained by a single 
principal component. Scree plots shown in Figure 4.3c demonstrate that the distribution of 
the variance percentages explained by the principal components is the most evenly spread in 
the case of miRNA normalization. Another selection of miRNAs was chosen to be tested as 
reference genes for their potential to be used in experimental conditions beyond those 
described in this work: miR7694-3p, miR1868 and miR1849 have, to the best of our 
knowledge, not yet been described as differentially expressed under abiotic and biotic stress 
conditions. Normalization was done by scaling counts samplewise with the geometric mean 
of counts of miR7694-3p, miR1849 and miR1868 and performed on par with the other 
normalization techniques (Supplementary figure 4.1). 
4.5. Discussion 
For reliable RT-qPCR results, normalization is a critical step in the analysis. The Minimum 
Information for Publications of Quantitative Real-Time PCR Experiments guidelines 
recommend the use of multiple reference genes of which the optimal number and choice 
must be experimentally determined (Bustin et al. 2009). In this study, 12 miRNAs were 
evaluated for their potential as reference miRNAs under plant defence affecting conditions, 
namely nematode infection and treatment with BABA. Overall, miR390-5p and miR7694-3p 
were determined to be the most stable reference genes. While NormFinder does not suggest 
a cut-off in stability value, geNorm and BestKeeper do have guidelines: in a geNorm analysis 
M and CV-values would ideally be lower than 0.5 and 0.25 respectively and be acceptable up 
to values of 1 and 0.5 respectively (Hellemans et al. 2007). All candidate reference genes 
can be considered acceptable in all sample groupings (Table 4.1). Candidate reference 
genes miR390-5p, miR7694-3p and miR1876 have M and CV-values below the “ideal” 
threshold for all sample groupings while miR168a-3p, miR1868 and miR1882e-3p are 
considered ideal in the BABA sample grouping. BestKeeper, on the other hand considers 
genes with a standard deviation > 1 to be unstable. Only miR535-3p has a standard 
deviation greater than 1 (in the All and Infection sample grouping, Table 4.2). The standard 




deviations of the other candidate reference genes were well below the threshold. This 
indicates that, with the exception of miR535-3p, all candidate reference genes show a stable 
expression and have potential to be used for normalization. 
MicroRNA miR390-5p has also been shown to be a suitable reference miRNA in cotton 
under biotic stress (Fausto et al. 2017). However, since miR390-5p has been shown to be 
differentially expressed in rice under a number of conditions such as heavy metal stress, 
drought stress, salt stress, UV stress and infection by Magnaporthe grisea it would be 
advisable to use caution when considering using miR390-5p as a reference gene in 
experimental conditions/organisms other than those used in this work (Lu et al. 2018; Ding et 
al. 2016). On the other hand, to the best of our knowledge, miR7694-3p has not been shown 
to be differentially expressed under either biotic or abiotic conditions, and hence can be used 
in other studies. The combination of miR7694-3p, miR1868 and miR1849 was also tested 
and validated for its suitability as a reference gene set. This does not guarantee their 
suitability as reference miRNAs in other conditions such as fungal or bacterial infection, as 
these conditions may have a differing effect on the behavior of miRNAs. However, since 
none of these miRNAs have been described thus far as being differentially expressed under 
abiotic or biotic stress conditions, they have great potential to be used as reference genes in 
experimental conditions beyond those described in this work. 
In conclusion, miR390-5p and miR7694-3p have been found to be suitable miRNA reference 
genes for rice, an important staple crop and model organism, under either infection with the 
root-knot nematode Meloidogyne graminicola or treatment with BABA. Furthermore, we have 
demonstrated the potential of miR7694-3p, miR1868 and miR1849 to be used as reference 






4.6. Supplementary information 
Supplementary figure 4.1 Normalization of count data using five normalization techniques. 
Supplementary table 4.1 Sequences, loci and accession numbers of candidate reference 
miRNAs as well as sequences of corresponding primers. Available upon request. 
 
Supplementary figure 4.1 Normalization of count data using five normalization techniques. a: MA-plots b: 
Density plots per sample c: Scree plots. Normalization was done by scaling counts samplewize with the 
geometric mean of counts of miR7694-3p, miR1849 and miR1868. 
Supplementary table 4.1 Sequences, loci and accession numbers of candidate reference miRNAs as well 
as sequences of corresponding primers. Amplicon length refers to length of amplicon after cDNA 
synthesis. Available upon request. 
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Root knot nematodes (RKN) are plant-parasitic nematodes causing major yield losses of 
widely consumed food crops such as rice (Oryza sativa). As non-coding RNAs, including 
small interfering RNAs (siRNA), microRNAs (miRNAs) and long non-coding RNAs 
(lncRNAs), are key regulators of various plant processes, elucidating their role in the 
infection process may lead to new strategies to improve crop protection. In this study, we 
aimed to identify and characterize rice siRNAs, miRNAs and lncRNAs responsive to early 
infection with RKN Meloidogyne graminicola (Mg). Therefore, we generated small RNA 
libraries and degradome libraries and integrated existing total RNA libraries from Mg infected 
rice gall tissues 3 days postinoculation as well as uninfected rice root tissues. We found 425 
lncRNAs, 3739 siRNAs and 16 miRNAs to be differentially expressed, of which a number 
was independently validated with RT-qPCR. Functional prediction of the lncRNAs indicates 
the targeting genes coding for serine/threonine protein kinases and transcription factors. 
Most of the differentially expressed siRNAs were 24 nt long, suggesting a role in DNA 
methylation. Differentially expressed miRNAs mainly target transcription factors and the 
majority of the miRNAs were downregulated, which corresponded to a reduced degradation 
of their predicted targets. To our knowledge, this work is the first to focus on non-coding 
RNAs in the interaction between rice and Mg and provides an overview of rice non-coding 
RNAs with the potential to be used as a resource for the development of new crop protection 
strategies. 
5.2. Introduction 
Rice is one of the most important food crops in the world with an annual worldwide yield of 
782 million tons (FAOSTAT 2018). More than half of the world’s population daily consume 
rice. Rice is also used as a model species for monocots because of its relatively compact 
genome and wide array of molecular and genetic resources (Rensink and Buell 2004; Phong 
et al. 2014). Root-knot nematodes are a major pest for rice agriculture. In particular, rice 
fields infected with root-knot nematodes (RKN) Meloidogyne graminicola (Mg) can show yield 
losses of up to 80% (Plowright and Bridge 1990).  
Previous research has shown that components of the epigenetic machinery are differentially 
expressed during the interaction between rice and Mg, such as genes coding for DICER and 
ARGONAUTE and histone modifications (Ji et al. 2013). Previous work from our lab showed 
that rice undergoes genome-wide CHH context DNA hypomethylation early upon Mg 
infection (3 days post inoculation, dpi), later followed by activation of the corresponding 
genes. DNA hypomethylation is associated with reduced susceptibility against Mg, as shown 
by experiments with DNA methylation mutants and DNA methylation inhibitor 5-Azacytidine 
(Chapter 2; (Atighi et al. 2020)). Similarly, we recently demonstrated significant enrichment of 
acetylation of lysine 9 of histone 3 and trimethylation of lysine 27 of histone 3 as well as 
significant depletion of demethylation of lysine 9 of histone 3 upon infection (Chapter 3, 
(Atighi et al. 2021)). 
In this we focused on the third pillar of epigenetic processes, the role of non-coding RNAs 
(ncRNAs), in relation to the rice-Mg interaction. The ncRNAs are typically grouped in two 
main classes: small (smRNAs) and long ncRNAs (lncRNAs). 
The smRNAs are generally less than 40 nucleotides (nt) in length and are involved in a range 
of plant physiological responses such as development and stress response (Borges and 
Martienssen 2015; Axtell 2013; Chitwood and Sinha 2014; Xie et al. 2015). Based on their 
biogenesis and function, smRNAs can be divided into microRNAs (miRNAs), small interfering 
RNAs (siRNAs), small nuclear RNAs (snRNAs) and small nucleolar RNAs (snoRNAs). 
Canonically, mature miRNAs are duplexes of which one strand is incorporated in the RISC 
complex which targets and cleaves or inhibits the target mRNA molecule. MiRNAs have 
been described to play a role in the rice response to a number of abiotic stresses such as 




Li et al. 2011). MiRNA osa-miR7695 can also enhance resistance against fungal pathogen 
Magnaporthe oryzae (Campo et al. 2013). MiRNAs are known to change their expression in 
response to RKN infection in Arabidopsis, tomato, cotton and pea (Medina et al. 2017; Kaur 
et al. 2017; Xiaoping Pan et al. 2019; Cabrera et al. 2016; Zhao et al. 2015; Díaz-Manzano et 
al. 2018).  
On the other hand, siRNAs derive from dsRNAs replication intermediates or from extensive 
fold-back structures within virus RNAs (Baulcombe 2004; Qi, Denli, and Hannon 2005). 
These siRNAs are loaded onto an AGO4 and AGO6 protein, and these complexes are then 
reimported into the nucleus to target nascent Pol V transcripts still associated with their 
chromatin template. This targeting leads to the recruitment of DNA methyltransferases that 
ultimately guide cytosine methylation in all sequence contexts through RNA-directed DNA 
methylation (RdDM) (Matzke, Kanno, and Matzke 2015; Matzke and Mosher 2014). A 
primary function of the RdDM is regulating the activity of TEs through DNA methylation which 
confers a silencing effect (Nuthikattu et al. 2013). Therefore, TEs in promoter regions can 
affect the expression of the corresponding gene through their DNA methylation patterns. 
Based on the observations that RdDM mutants show a reduced susceptibility to infection of 
Meloidogyne graminicola, we hypothesized that RdDM related ncRNAs would play a role in 
the interaction between rice and Mg (Chapter 2; (Atighi et al. 2020)). This hypothesis is 
strengthened by the observation of several differentially expressed siRNA clusters upon RKN 
Meloidogyne incognita infection in Arabidopsis. These siRNAs were hypothesized to regulate 
the expression of protein coding genes via RdDM (Medina et al. 2018). Similarly, Ruiz-Ferrer 
et al. (2018) have shown that infection of Arabidopsis with Meloidogyne javanica led to a 
local accumulation of siRNAs that were mainly derived from repeat regions.  
LncRNAs are RNA molecules defined to be over 200 nucleotides (nt) long with no coding 
potential. Instead of serving as a template for a functional protein, they function in an 
assortment of regulatory roles in plant development by four different mechanisms: histone 
and chromatin modification, transcriptional regulation, target mimicking of miRNAs and 
alteration of post-transcriptional changes (Datta and Paul 2019). LncRNA functionality can be 
divided into two groups: cis functionality, meaning they exercise their function in the vicinity 
of their own locus and trans functionality in which they regulate the expression of distant 
genes.  
In cis, lncRNAs can influence gene expression in a variety of ways, both negatively as 
positively. In Arabidopsis, the lncRNAs COLDAIR and COOLAIR are transcribed from the 
same locus as floral repressor flowering locus C (FLC). These lncRNAs regulate the 
vernalization process by recruiting the polycomb repressive complex 2 (PRC2) to their locus 
(Deng et al. 2011; Hawkes et al. 2016). Cis-acting lncRNAs can also enhance the expression 
of nearby genes by functioning as enhancers (Gil and Ulitsky 2020).  
LncRNAs can also regulate gene expression in trans by direct interaction with protein 
complexes or target mimicry. In Medicago trunculata lncRNA Early nodulin 40 (ENOD40) 
interacts with RNA-binding protein MtRBP1, which leads to the relocalization of MtRBP1 from 
nuclear speckles to cytoplasmatic granules during nodulation (Campalans, Kondorosi, and 
Crespi 2004). As target mimics, lncRNAs inhibit miRNA functionality by drawing the miRNA 
molecules away from their true mRNA target, hence acting as decoys (Franco-Zorrilla et al. 
2007). 
In addition to abiotic stresses (Yuan et al. 2018), some lncRNAs have recently been 
demonstrated to be involved in plant biotic stress responses (Zaynab et al. 2018). Li et al. 
found 565 lncRNAs to be differentially expressed in tomato after infection with M. incognita 
(Li et al. 2018). Broad insights into the molecular function of lncRNAs in the immune 
response of rice is lacking however.  
In recent years non-coding RNA research has been burgeoning with plenty of promising 





LAIR increases grain yield in rice (Wang et al. 2018). In Arabidopsis, silencing of lncRNA 
ELENA1 increased the susceptibility against Pseudomonas syringae pv tomato DC3000 
while overexpression showed the opposite phenotype (Seo et al. 2017). Overexpression of 
lncRNA ALEX1 provided increased resistance against Xanthomonas oryzae pv. oryzae (Yu 
et al. 2020). Similarly, regulating the expression of small RNAs can provide beneficial effects 
to plant health: increased expression of miR393 resulted in enhanced bacterial resistance 
against Pseudomonas syringae pv tomato DC3000 in Arabidopsis (Navarro et al. 2006). In 
rice, overexpression of miR397 resulted in an increased grain size and panicle branching 
(Zhang et al. 2013).  
The elucidation of lncRNAs and/or smRNAs with the potential to increase resistance in a 
globally important crop such as rice against the devastating pest Mg would open new 
avenues for controlling this pathogen. In this research we aimed to elucidate which small and 
long non-coding RNAs are affected during the early interaction between rice and the parasitic 
root-knot nematode Meloidogyne graminicola (Mg) and predict how they could have a role in 
this interaction. As time point, we chose for 3 days post inoculation, because this is the 
earliest time point at which giant cell formation is observable at the rice root tips and because 
transcriptional and DNA methylation data is already available at the exact same time point 
(Chapter 2 and 3). Since this nematode typically forms galls at root tips, root tips of 
uninfected plants were used as control material. We have generated a comprehensive list of 
small and long non-coding RNAs that are responsive to Mg infection using both small and 
total RNA sequencing, and independent validation with RT-qPCR. In addition, we identified 
miRNA targets using degradome sequencing. Small RNA results were compared with DNA 
methylation data to identify promoter-based siRNAs putatively regulating gene expression. 
We predicted the in cis functionality of differentially expressed lncRNAs by identifying 
adjacent putative target genes and constructed lncRNA-miRNA-mRNA networks to study the 
possibility of lncRNAs to serve as target decoys. This information opens new avenues to 
design innovative crop protection strategies against parasitic nematodes.  
5.3. Materials and methods 
5.3.1. Plant growth, nematode inoculation and sampling of material 
Oryza sativa L. cv ‘Nipponbare’ (GSOR-100, USDA) seeds were germinated for 7 days at 30 
°C on paper cloths drenched with tap water. Seedlings were transferred into SAP substrate 
(sand-absorbent polymer) and grown at 26 °C under a 16 h/8 h light/dark regime (Reversat 
et al. 1999). After two weeks, plants were inoculated with ca. 500 stage 2 juveniles of root-
knot nematode (RKN) Meloidogyne graminicola per set of three plants. Control plants were 
mock-inoculated with water. After 36 h, plants were transferred to 50 % Hoagland solution in 
glass tubes to synchronize infection. Root tips of uninfected plants are the ideal control 
material for interaction studies between rice and Mg, as these nematode typically infect root 
tips (Mantelin, Bellafiore, and Kyndt 2017). Root tips and galls were collected from control 
and inoculated plants respectively, three days post inoculation (3 dpi). This time point was 
chosen as this is the earliest time point at which formation of giant cells can be observed in 
rice and allows for comparison with our previously generated DNA methylation dataset 
(Chapter 2, (Mantelin, Bellafiore, and Kyndt 2017; Atighi et al. 2020)). Plant materials were 
immediately frozen in liquid nitrogen and stored at -80 °C. Sequencing was performed on 
three biological replicates (“samples”) per condition, each biological replicate being derived 
from a pool of ca. 9 plants to reduce variance not associated with the treatment. 
5.3.2. RNA extraction and smRNA sequencing  
Frozen samples were ground and total RNA was extracted using the ZR Plant RNA Miniprep 
kit (Zymo Research) according to the manufacturer’s instructions. The bead beater step was 





For DNase treatment 1 µg of total RNA per sample was combined with 3.6 µL DNase I buffer 
+ MgCl2 (B43, Thermo Fisher), 1 µL RiboLock RNase Inhibitor (EO0381, Thermo Fisher) and 
1 µL DNAse I (EN0521, Thermo Fisher). Afterwards RNase-free water was added until a 
total volume of 36 µL was reached followed by incubation for 30 minutes at 37 °C. Finally, 4 
µL 25 mM EDTA was added before incubating for 10 minutes at 65 °C.  
The quality of total RNA of gall and control samples was verified with an RNA 6000 pico chip 
(Agilent technologies) and the concentration was measured with a Quant-it Ribogreen RNA 
assay (Life technologies). 350 ng of RNA was used with the Small RNA seq library prep for 
Illumina (Lexogen) with the small RNA dual indexing (Lexogen). Library prep was performed 
according to the manufacturer's instructions. Briefly, 3’ adapters were ligated and excess 3’ 
adapters were removed. 5’ adapters were then ligated, followed by cDNA synthesis of the 
ligated RNA. The cDNA was used for enrichment PCR (14 cycles) and purified with AMPure 
XP purification (1:1.8) (Beckman Coulter). Adapter dimers were removed using an 8 % native 
PAGE gel (Life Technologies). The quality was checked with a High sensitivity DNA chip 
(Agilent technologies). Quantification of the libraries was performed with a qPCR assay 
according to Illumina protocol to enable equimolar pooling of libraries. An additional 
purification step was performed on E-gel EX agarose gel (2 % agarose). Finally, sequencing 
was performed on a Hiseq 3000 using 5 % Phix spike-in (single end reads, 50 bp). 
5.3.3. Data analysis of small RNA 
Quality control was performed using FastQC (version 0.11.8) (Andrews 2012). Trimming was 
performed using Trimmomatic (version 0.38) setting following parameters: 
ILLUMINACLIP:3:30:10, MAXINFO:23:1, SLIDINGWINDOW:5:20, MINLEN:17 (Bolger, 
Lohse, and Usadel 2014). STAR (version 2.6.1d) was used for mapping with parameter 
settings for small RNA mapping: readFilesCommand zcat, outFilterMismatchNoverLmax 
0.05, outFilterMatchNmin 16, outFilterScoreMinOverLread 0, outFilterMatchNminOverLread 
0, alignIntronMax 1, outSAMmultNmax 1 and runRNGseed 777 (Zaleski et al. 2012). These 
settings were also used for small RNA analysis within the ENCODE project (Alexander Dobin 
2013). Raw read counts, read counts after trimming and read counts after mapping can be 
found in Supplementary file 5.1. 
5.3.3.1. miRNA analysis 
For differential expression analysis, a GTF file was downloaded from miRBase (version 21) 
with all known mature miRNAs in rice (Kozomara, Birgaoanu, and Griffiths-Jones 2018). The 
following R packages were then used to create a count table with read counts: rtracklayer 
(version 1.44.4) to convert the GTF file into a Granges object (Lawrence, Gentleman, and 
Carey 2009), Rsamtools (version 2.0.3) to create a BamFileList object (Morgan et al. 2020) 
and GenomicAlignments (version 1.20.1) for the summarizeOverlaps function to create the 
count table (Lawrence et al. 2013). The following options were used for counting: mode = 
’Union’ and singleEnd = TRUE. The DESeq2 package (version 1.24) was used to detect 
significant differences between conditions at a Benjamini-Hochberg false discovery rate 
(FDR) of 0.05 (Love, Huber, and Anders 2014). Control samples were set as reference for 
log fold change calculations. 
5.3.3.2. Degradome sequencing and data analysis 
Degradome sequencing allows for the quantification of degraded RNA fragments and is used 
here to validate miRNA cleavage activity. It was performed on a single 3 dpi gall and 
corresponding single uninfected rice root tip sample. Plant growth and treatment conditions, 
RNA extraction and DNAse treatment were as described in previous paragraphs. Samples 
were sent to LC Sciences (Houston, Texas, USA) where total RNA was extracted using 
Trizol reagent (Invitrogen, CA, USA) following the manufacturer's procedure. Total RNA 
quality and quantity were analysed with a Bioanalyzer 2100 and RNA 6000 Nano Lab Chip 
Kit (Agilent, CA, USA) with RIN number >7.0. Approximately 20 µg of total RNA was used to 





RNA and annealed with biotinylated random primers. This was followed by streptavidin 
capture of RNA fragments through the biotinylated random primers. 5' adaptors were ligated 
exclusively to RNAs containing 5'-monophosphates. Reverse transcription and PCR libraries 
were sequenced using the 5'adapter only, resulting in the sequencing of the first 36 
nucleotides of the inserts that represented the 5' ends of the original RNAs. Finally, single 
end 50 bp sequencing was performed on an Illumina Hiseq 2500. 
Bioinformatic analysis was performed using the ACGT101-DGD pipeline (LC Sciences, 
version 3.1). Raw sequencing reads were obtained using Cutadapt (version 1.10) perl scripts 
to remove adaptors and low quality reads (Martin 2011). The extracted sequenced reads 
were then used to identify potentially cleaved targets by the CleaveLand pipeline (Addo-
Quaye, Miller, and Axtell 2009). More specifically, degradome reads were mapped to the 
mRNA sequences downloaded from the genome database (Ensembl, version 37). Only 
perfectly matching alignment(s) for the given read would be kept for degradation analysis. All 
resulting reads (“t-signature”) were reverse-complemented and aligned to the miRNA 
identified in our study using miRBase. Alignments where the degradome sequence position 
coincided with the tenth or eleventh nucleotide of miRNA were retained and scored. In 
addition, to easily analyze the miRNA targets and RNA degradation patterns, T-plots were 
built according to the distribution of signatures (and abundances) along these transcripts. 
5.3.4. Data analysis of lncRNAs 
Total RNA sequencing data (GSE152783) was generated in our recent study on histone 
modification dynamics upon RKN infection in rice (Chapter 3), in which samples (3 biological 
replicates of 3 dpi galls and 3 uninfected root tips) were collected under exactly the same 
conditions as described above. For library preparation a Truseq stranded total RNA library 
prep (Illumina) was used. This kit generates directional (first strand) RNA-seq data that does 
not specifically select for RNA with polyA tails. In that previous study, only the coding 
transcripts were used, in order to compare gene expression patterns with histone 
modification patterns. Here, we focus in detail on the non-coding transcripts. The quality of 
the reads was verified with FastQC (version 0.11.8) (Andrews 2012). Reads were trimmed 
using Trimmomatic (version 0.38) with following parameters: ILLUMINACLIP:3:30:10, 
MAXINFO:23:1, SLIDINGWINDOW:5:30, MINLEN:17 (Bolger, Lohse, and Usadel 2014). 
STAR (version 2.6.1d) was used for mapping with the following parameters: 
readFilesCommand zcat, outFilterMultimapNmax 1 and outSAMtype BAM 
SortedByCoordinate. Afterwards, samtools (version 1.10) was used to merge multiplexed 
samples (Li et al. 2009). Raw read counts, read counts after trimming and read counts after 
mapping can be found in Supplementary file 5.1. 
GTF files were acquired from the CANTATA2 database containing all CANTATA lncRNAs 
annotated in rice (2788) as well as from Ensembl (release 42) (Szcześniak, Rosikiewicz, and 
Makałowska 2016; Howe et al. 2019) and combined. Counts of alternative transcripts were 
combined. A count table was made using the following R packages: rtracklayer (version 
1.44.4) to convert the GTF file into a Granges object (Lawrence, Gentleman, and Carey 
2009), Rsamtools (version 2.0.3) to create a BamFileList object (Morgan et al. 2020) and 
GenomicAlignments (version 1.20.1) for the summarizeOverlaps function to create the count 
table (Lawrence et al. 2013). The following options were used for counting: mode = ’Union’, 
preprocess.reads = invertStrand, singleEnd = TRUE and ignore.strand = FALSE. To find 
differentially expressed transcripts/RNAs between galls and uninfected root tips, DESeq2 
(version 1.24.0) was used with a Benjamini-Hochberg FDR cutoff of 0.05.  
Cis activity of lncRNAs was predicted by clustering differentially expressed lncRNAs with 
neighbouring genes that are also differentially expressed in the rice-RKN interaction. 
Clusters were expanded upstream and downstream until no differentially expressed genes 
were detected. Transcripts that were discarded by independent filtering by DESeq2 were 




methylation changes were also analyzed. A list of differentially methylated regions (DMRs) 
between 3 dpi galls and roots was obtained from Atighi et al., 2020 (Chapter 2). 
The potential of lncRNAs to function as target mimics for coding transcripts was evaluated by 
psRNAtarget. All sequences of diferentially expressed lncRNAs were given as input for 
psRNAtarget. The software identified miRNAs that may target differentially expressed 
lncRNAs with an expectation value of at least 3.0 (Dai, Zhuang, and Zhao 2018). The 
sequences of these miRNAs were retrieved from miRBase (version 21). These miRNA 
sequences were used in turn as input for psRNAtarget to find putative mRNA targets, again 
taking an expectation value cutoff of 3.0 (Kozomara, Birgaoanu, and Griffiths-Jones 2018). 
Triplets of mRNA-miRNA-lncRNA were filtered using two conditions: first, the expression 
pattern of the lncRNA reflects that of the mRNA, as we assume that upregulation of a decoy 
lncRNA leads to reduced targeting of the corresponding mRNA, which in turn leads to 
upregulation of the latter. The second condition states that the mRNA must have a 
significantly different expression between galls and uninfected root tips. 
Enrichment of protein domains annotated by Interproscan was assessed using the CARMO 
platform (Wang et al. 2015; Mitchell et al. 2018). Gene ontology (GO) enrichment was 
evaluated with the AgriGO2 tools 'Singular Enrichment Analysis and 'Parametric Analysis of 
Gene Set Enrichment' (Tian et al. 2017). 
5.3.5. RT-qPCR validation  
Validation of ncRNA expression was performed with RT-qPCR on independent samples. 
Plants were grown and treated as described above. For each treatment, four biological 
replicates, each consisting of a pool of 8-9 plants, were collected. RNA extraction and 
DNAse treatment was performed as described above starting from 2 µg of RNA per sample. 
All primers were manufactured by Sigma-Aldrich (United Kingdom). The list of primers can 
be found in Supplementary file 5.2. Reverse transcription was performed with the Tetro 
cDNA synthesis kit (Bioline) using random hexamer primers and an input volume of 12 µL 
DNAse treated RNA per sample. cDNA was diluted fivefold with RNAse free water. qPCR 
was performed with the sensimix SYBR No-ROX kit (Bioline). The final mastermix consisted 
of 1 µL cDNA, 7 µL RNAse free water, 10 µL sensimix, 1 µL forward primer (10 µM) and 1 µL 
reverse primer (10 µM). qPCR conditions consisted of an initial denaturation at 95 °C for 10 
min, followed by 50 cycles of denaturation at 95 °C for 25 s, annealing at 58 °C for 25 s, and 
extension at 72 °C for 20 s. EXP and EXP Narcai were used as reference genes for 
normalization (Kyndt et al. 2012).  
For RT-qPCR on miRNAs the stem-loop PCR method of Varkonyi-Gasic et al. (2007) was 
used (Chapter 4, Varkonyi-Gasic et al. 2007). Reverse transcription was performed using 
stem-loop primers after which qPCR was performed as described above. For normalization, 
miR390-5p and miR7694-3p were used as reference genes, because they reveal stable 
expression in the investigated material (Chapter 4, Verstraeten et al. 2019).  
Two technical replicates were used per PCR reaction. A no template control was included as 
negative control. CFX Manager (version 3.1.1217.0823) was used for qPCR analysis in the 
regression modus. Quality control and filtering was performed based on melting peak 
analysis. Normalization and Differential Expression were analyzed using the REST 2009 
software (Pfaffl, Horgan, and Dempfle 2002). 
5.3.6. siRNA analysis 
First, a merged annotation file was created, combining the rice information of two siRNA 
databases (the plantsmallrnagenes database and the Pln24NT database) (Lunardon et al. 
2020; Liu et al. 2017). Then, differential expression pipeline was executed as described 






To predict the functions of the differentially expressed siRNAs, a selection of siRNAs was 
made based on their overlap with transposable elements (TEs). TE loci were taken from the 
rice TE database (Copetti et al. 2015). These siRNAs were further filtered, based on their 
overlap with promoter regions, defined as the 2 kb region upstream of the gene transcription 
start site. The association between siRNA activity and DNA methylation changes was 
analyzed. A list of differentially methylated regions (DMRs) between 3 dpi galls and roots 
was obtained from Atighi et al., 2020 (Chapter 2). DMRs that overlapped with the same 
promoters as the selected siRNAs were retained.  
5.4. Results 
In this work we aimed to identify and characterize rice ncRNA that are responsive to early 
infection by Mg. Using high throughput sequencing tools, we generated a comprehensive list 
of differentially expressed ncRNAs that were used for functional predictions. Independent 
validation was pursued by degradome sequencing and RT-qPCR. The research aimed at 
uncovering ncRNA loci that could play a functional role in the early parasitic interaction 
between rice roots and Mg. 
5.4.1. Analysis of differentially expressed lncRNAs upon RKN infection in rice 
We performed total RNA sequencing on 3 biological replicates of 3 dpi galls in comparison 
with control root tips in order to identify lncRNAs that are differentially expressed (DE) early 
after Mg infection in rice roots. A total of 223 and 258 million reads were generated for the 
Mg and control libraries respectively. After quality control and trimming, 186 million reads of 
the Mg samples and 196 million reads of the control samples mapped uniquely on the rice 
genome (Supplementary file 5.1). After Mg infection, 425 lncRNAs and 18 667 protein coding 
genes were found to be DE in comparison with uninfected root tips (Supplementary file 5.3). 
The transcripts of DE lncRNAs tend to be shorter than DE protein coding genes: the median 
length of DE lncRNAs is 1411 nt while DE protein coding transcripts have a median length of 





Figure 5.1 Characteristics of lncRNAs and protein coding genes that are differentially expressed in rice 3 
days post inoculation with Meloidogyne graminicola. (a). Length distribution of all detected lncRNAs. (b) 
Length distribution of all detected coding transcripts. (c) Log2 fold change of differentially expressed 
(DE) lncRNAs. (d) Log2 fold change of DE protein-coding transcripts. (e) Genomic positions of DE 
lncRNAs. (f) Histogram of lncRNA cluster sizes. For (f), DE lncRNAs were clustered with 
upstream/downstream neighbouring coding or non-coding genes that were also DE. The clusters were 
expanded until no DE coding or non-coding genes were found. Nt: nucleotides, NAT: natural antisense 
transcript. 
DE lncRNAs tend to be downregulated after Mg infection with 66 % of DE lncRNAs revealing 
a negative log2 fold change value in galls versus root tips (Figure 5.1c). Protein coding 
genes DE after Mg infection on the other hand have an equal balance of upregulated genes 





DE lncRNAs were classified based on their genomic positions. The majority of the DE 
lncRNAs are intergenic (241/425), 58 DE lncRNAs are natural antisense transcripts (NAT) of 
the gene body of a locus, 57 lncRNAs overlap with a gene promoter, 57 lncRNAs are NATs 
of a promoter region, while 12 lncRNAs overlap with at least one intron of a gene. No exonic 
lncRNAs were found (Figure 5.1e). 
5.4.2. Functional prediction of DE lncRNAs 
5.4.2.1. Cis activity of lncRNAs 
To analyze the potential cis activity of DE lncRNAs on neighbouring loci, lncRNA were 
clustered with neighbouring genes. These “lncRNA-clusters” were created by grouping DE 
lncRNAs with downstream and upstream neighbouring loci that were also significantly 
differentially expressed. The clusters were extended until no differentially expressed gene 
was found further up/downstream. By doing so, a total of 320 lncRNA clusters was generated 
(Supplementary file 5.4), encompassing 816 coding and 352 non-coding genes. A majority of 
these clusters (133/320) consist of two gene members (coding or non-coding), the largest 
cluster contains 27 gene members which include Os03g0101700, a gene coding for a 
subunit of a chromatin remodeling complex (Figure 5.1f, Supplementary file 5.4). To test 
whether or not DE lncRNAs are enriched in clusters compared to non-DE lncRNA, we 
performed a similar procedure by looking upstream and downstream of non-DE lncRNAs for 
loci that were significantly differentially expressed. Differentially expressed lncRNAs are 
significantly enriched in clusters as 83 % (352 of 425) of DE lncRNAs are present in clusters 
compared to 69 % (1614 of 2344) of non-DE lncRNAs (Chi-square test P-value = 7.462e-09) 
Subsequently, we set at identifying common functionality of genes in these clusters. The 
coding genes in the lncRNA clusters were studied by performing enrichment testing for 
protein domains encoded by these genes. CARMO revealed a total of 40 protein domains to 
be significantly enriched (FDR < 0.05) amongst those coding genes in the lncRNA clusters 
(Figure 5.2). Proteins encoded by these genes are enriched for kinase domains, specifically 
serine/threonine kinase domains as well as leucine-rich repeat domains and myb domains. 
GO enrichment analysis confirmed enrichment for genes involved in phosphotransferase 
activity in the identified lncRNA clusters (Supplementary file 5.5). 
Given the known ability of lncRNAs to influence DNA methylation levels in cis, the set of 
differentially methylated regions (DMRs) of chapter 2 (Atighi et al. 2020) were retrieved to 
check for colocalization between the detected lncRNA clusters and DMRs (Atighi et al. 2020; 
Zhao, Sun, and Wang 2016; Ariel et al. 2014; Di Ruscio et al. 2013). Noteworthy, the galls 
sampled in that chapter were of exactly the same age and grown under identical conditions 
as the galls sampled in the current research chapter. These DMRs are genomic regions with 
a significantly changed DNA methylation pattern between galls and uninfected root tips and 
are almost exclusively hypomethylated regions (for more details see chapter 2 and Atighi et 
al. 2020). A total of 141 (of 320; 44 %) of the here-identified lncRNA clusters show overlap 
with at least one hypomethylated DMR. Noteworthy, these overlapping clusters contain 
several significantly upregulated immune response related genes, such as MYB transcription 
factor Os04g0594100 and leucine rich repeat proteins Os07g0498400 and Os05g0406800 






Figure 5.2 Protein domain enrichment analysis of differentially expressed (DE) coding genes in the 
identified lncRNA clusters at 3 days post inoculation with M. graminicola in rice. The IDs of genes 
neighbouring DE lncRNAs were used as input for the CARMO tool which looks up their annotated protein 
domains and calculates domain enrichment.  
5.4.2.2. Target mimicry activity of lncRNAs 
Since lncRNAs can function by acting as target mimics – decoys - to sequester miRNAs 
away from their true targets, a lncRNA-miRNA-mRNA network was generated. To build this 
network, we mined for lncRNAs that show complementarity with one of the 713 known rice 
miRNAs available in miRBASE. If such complementarity-based binding between lncRNA and 
miRNA was predicted, the putative protein-coding targets of those miRNAs were included in 
the network. The generated network contains a total of 85 miRNAs, 70 lncRNAs and 529 
coding genes (Supplementary file 5.6). Almost all of the miRNAs in the network are predicted 
to target multiple protein-coding genes, indicating a potential broad regulatory role for 






Figure 5.3 Interaction network between lncRNAs DE after M. graminicola infection, miRNAs, and DE 
protein-coding mRNAs. 
The coding genes in the interaction network were mined for enriched protein domains using 
CARMO (Figure 5.4). Interestingly, the obtained results are in concordance with the results 
of the enrichment testing of coding genes in lncRNA clusters (see Figure 5.2), again 
indicating enrichment for serine/threonine kinase domains as well as leucine-rich repeats. In 
addition, the coding genes in the network are enriched for terms such as 'disease resistance 
protein', 'ABC-transporter-like' and ‘CCAAT-binding transcription factor, subunit B’ as well as 
multiple terms indicating enrichment for the WD40 domain. GO enrichment analysis indicated 





Figure 5.4 Protein domain analysis of coding genes for which differentially expressed lncRNAs are 
predicted to serve as target mimics at 3 days post inoculation with M. graminicola in rice. The gene IDs of 
these genes were used as input for the CARMO tool which looks up their annotated protein domains and 
calculates enrichment.  
5.4.3. Analysis of differentially expressed smRNAs upon RKN infection in rice 
A total of 136 million reads and 183 million reads were generated for the small RNA libraries 
of Mg and control samples respectively. After quality control and trimming, 106 million reads 
of the Mg samples and 146 million reads of the control samples mapped uniquely on the rice 
genome. 
5.4.3.1. Analysis of expression of miRNAs 
We performed differential expression analysis on all 713 annotated miRNAs in rice 
(Kozomara, Birgaoanu, and Griffiths-Jones 2018). A total of 16 miRNAs were found to be 
significantly differentially expressed (DE) at 3 days after inoculation with Meloidogyne 
graminicola in comparison with root tips of uninfected control plants. Expression of these 







Table 5.1 Rice miRNAs differentially expressed at 3 days after inoculation with M. graminicola as well as 
their targets according to our degradome sequencing data. Degradome sequencing was performed to 
evaluate the amount of cleaved miRNA target regions in the investigated tissues. Degradome Log2 fold 
change denotes the change in the number of cleaved target fragments in galls versus root tips.’–‘ 
denotes that the degradome data did not indicate significant target cleaving by miRNAs in galls and/or 
roots. NF: Nuclear factor; PCF: Proliferating cell factor. LFC: Log2 fold change. 
ID miRNA LFC 
miRNA 
Target ID Target Description Degradome 
LFC 
osa-miR398b -4.48 - - - 
osa-miR169f.1 -4.17 
Os03g0696300 NF-Y subunit A4 -3.1 
Os03g0174900 NF -Y subunit A1 -3.67 
Os12g0618600 NF -Y subunit A10 -1.74 
osa-miR397b -2.27 - - - 
osa-miR6255 -2.22 - - - 
osa-miR164a -2.07 Os04g0460600 NAC domain-containing protein 004 -3.78 
osa-miR408-3p -2.07 Os08g0482700 Cupredoxin domain containing 
protein. 
-4.78 
osa-miR164d -1.80 Os04g0460600 NAC domain-containing protein 004 -3.78 
osa-miR3979-3p -1.62 - - - 
osa-miR166a-3p -1.33 Os10g0480200 rice homeobox gene 9 0.08 
osa-miR166j-3p -1.21 Os10g0480200 rice homeobox gene 9 0.08 
osa-miR167g -1.15 - - - 
osa-miR319b 1.62 Os12g0616400 PCF 8 2.03 
osa-miR1850.2 2.02 - - - 
osa-miR1850.1 2.30 - - - 
osa-miR5159 2.38 - - - 
osa-miR319a-3p.2-3p 3.59 Os12g0616400 PCF 8 2.03 
Degradome sequencing was performed on a gall and a root tip sample to predict the mRNAs 
targeted by the DE miRNAs (Supplementary file 5.7). A total of 16 333 073 and 16 652 478 
raw reads were generated for the gall and root tip sample respectively. Target prediction with 
Targetfinder showed 642 miRNAs to target at least one mRNA, while overall 5203 mRNAs 
were predicted to be targeted. In the degradome data we identified genes that were 
significantly targeted in both root and gall samples. The miRNAs targeting these genes were 
then filtered for significant differential expression based on our small RNA sequencing data. 
After filtering, 10 miRNA-target pairs remained. (Table 5.1). T-plots of these pairs are shown 
in Supplementary file 5.8. For 8 of these 10 miRNAs-target interactions, the degradome 
sequencing data agrees with the change in expression of the miRNA between galls and root 
tips, i.e. feature a higher number of cleaved transcripts in galls versus root tips if the miRNA 
is significantly upregulated in galls versus uninfected root tips or vice versa. The miRNAs for 
which that pattern does not hold are miR166j-3p and miR166a-3p, which both have the same 
target Os10g0480200, encoding a rice homeobox protein. Interestingly, the miRNAs mainly 
target transcription factors: miR319b and miR319a-3p.2-3p both target transcription factor 
PROLIFERATING CELL FACTOR 8 (PCF8) while miR169f.1 targets three CCAAT-binding 
transcription factors. miR164d and miR164a both target a NAC domain-containing protein, a 
domain known to be involved in regulation of transcription, while miR408-3p targets a 




for validation of expression using RT-qPCR. In all cases the expression pattern as derived 
from the RNA sequencing was confirmed (Figure 5.7). 
5.4.3.2. Analysis of expression of siRNAs 
Differential expression analysis yielded 3739 siRNAs that were differentially expressed after 
Mg infection (Supplementary file 5.9). A higher number of the differentially accumulated 
siRNAs were downregulated in galls (58.7 %) than upregulated (41.3 %). The majority of the 
DE siRNAs are 24 nt long (Figure 5.5).  
 
Figure 5.5. Size distribution of differentially expressed siRNAs 3 days post inoculation with Meloidogyne 
graminicola in rice. The ‘Other RNA’ class refers to small RNA loci for which no predominant RNA size 
was found.  
As 24 nt siRNAs often originate from transposable elements (TEs) that are able to regulate 
the expression of nearby genes through the RdDM pathway. Therefore, we mined our data 
for DE siRNA loci that overlap with promoter-based TEs, in other words overlapping with TEs 
in regions less than 2 kb upstream of the transcription start site of a gene. To narrow down 
our research towards siRNAs with a plausible role in gene expression regulation, we 
performed further filtering by requiring that either the TE locus or the genomic region 
between TE and gene locus overlapped with a differentially methylated region (DMR, 
Chapter 2, Atighi et al. 2020). Reduced expression of RdDM related siRNA loci is predicted 
to lead to a reduction in DNA methylation (Groszman et al., 2011). Since genome-wide CHH 
hypomethylation occurs at this time point after Mg infection (Chapter 2), we selected for 
siRNA loci that were downregulated. A final filtering step was performed by selecting 
downregulated siRNA loci present in a promoter of a significantly upregulated transcript 
based on the total RNA seq dataset generated at 3 dpi (see Chapter 3).  
These filtering steps resulted in a set of 5 genes that are plausible candidates for expression 
regulation through siRNA activity in their promoter, albeit that one gene has a rather low LFC 
of 0.27 (Table 5.2). These genes include a signal recognition particle protein and an allyl 
alcohol dehydrogenase. The predicted regulatory TE-regions belong to the retrotransposon 
class RLG (4/5) or the DNA transposon DTM class (1/5) of TEs. More details about the 
expression pattern and genomic locations of the coding genes and associated CHH DMRs, 
TE and siRNAs can be found in Supplementary file 5.10. A detailed genomic layout of these 







Figure 5.6 Genomic layout of genes (orange-red arrows) putatively regulated by TE (blue box) based 
siRNAs (green box) in promoters, based on information from galls at 3 days post inoculation with M. 
graminicola. Orange and purple genome tracks represent CHH DNA methylation percentage in galls and 
roots respectively. DMR loci (burgundy box) and DNA methylation data were taken from our previously 
published data (Atighi et al. 2020). DMR: differentially methylated region; TE: transposable element; 




Table 5.2 Protein coding genes putatively regulated by TE associated siRNAs in their promoters in rice 








Os03g0645100 Similar to pyruvate 
dehydrogenase E1 component 
subunit beta. 
0.27 osa-b1.0r1-73430 -2.14 
Os04g0460300 Amino acid transporter, 
transmembrane domain 
containing protein. 
2.04 osa-b1.0r1-86468 -1.90 
Os06g0342100 Signal recognition particle 19 
kDa protein (SRP19). 
0.76 osa-b1.0r1-108253 -1.59 
Os07g0435400 Similar to WD40. 0.50 osa-b1.0r1-120740 -2.58 
Os12g0227400 Allyl alcohol dehydrogenase. 1.66 osa-b1.0r1-41090 -1.48 
5.4.4. Validation of differential expression patterns with RT-qPCR 
Seven lncRNAs predicted to be functioning as lncRNAs decoy or with a potential in cis 
activity were selected for validation with RT-qPCR. Next to that, seven protein coding genes 
that are present in the identified lncRNA clusters were also selected. Finally, three miRNAs 
were selected for validation. As shown in Figure 5.7 gene expression trends in RT-qPCR 
data is in general agreement with gene expression trends from RNA-sequencing data. 
Noteworthy, RNA sequencing results showed lower variability and a greater dynamic range 
compared to the RT-qPCR results. 
 
Figure 5.7 Comparison of RNA Seq and RT-qPCR results of differential expression analysis of a subset of 
lncRNAs and coding transcripts between 3 dpi galls and uninfected control root tips induced by M. 
graminicola in rice. Error bars represent standard error. (a) lncRNAs predicted to have in cis activity. (b) 
lncRNAs predicted to function in trans through miRNA-target mimicry. (c) Protein coding mRNAs 
potentially affected by this mimicry. (d) miRNAs. Data is based on 3 biological replicates for RNA-seq and 






In this research we aimed to elucidate the characteristics and role of non-coding RNAs in rice 
in response to Meloidogyne graminicola infection. We specifically focused on the early stage 
of the interaction, 3 dpi, because that is the earliest moment that giant cell formation can be 
observed in rice. By doing so, we uncover potential early changes that could influence giant 
cell formation as well as immune responses. Previous transcriptome analysis on this time 
point has revealed that the immune response of rice is strongly affected at 3 dpi (Kyndt et al. 
2012). In addition, DNA methylation analyses presented in chapter 2 of this PhD revealed 
that the rice genome is strongly hypomethylated at this time point (Atighi et al. 2020). Based 
on the observation that RdDM mutants are significantly less susceptible to Mg (Chapter 2, 
(Atighi et al. 2020)), we hypothesized that non-coding RNAs, which have a major role in this 
pathway, would also be significantly affected in the rice-Mg interaction. That is why we here 
aimed at uncovering which ncRNAs respond to Mg infection at this early time point.  
Next to functional predictions of lncRNAs and degradome sequencing to confirm miRNA 
target confirmations, we compared the data with our in-house DNA methylation dataset of 
the same tissues (Chapter 2) to detect potential associations between the expression 
patterns of siRNAs/lncRNAs and changes in DNA methylation. The results in this work are a 
first step in the characterization of non-coding RNA functionality during the infection of rice 
with Meloidogyne graminicola and are therefore largely descriptory, with more research 
needed to validate our functional predictions. Hence we provide some suggestions for future 
research along with the discussion of our results.  
A total of 425 lncRNAs were found to be differentially expressed when comparing nematode-
infected gall tissue with root tips of uninfected control plants. The transcript lengths of the DE 
lncRNAs tend to be shorter than the DE coding genes, which is in agreement with previous 
lncRNA studies in grape and Arabidopsis (Wang et al. 2019; Di et al. 2014). The functionality 
of the DE lncRNAs was predicted by evaluating two known functions: in cis by influencing the 
expression of nearby genes or in trans, as a target decoy, luring away miRNAs from their 
true target.  
LncRNAs with a putative in cis function were identified by creating lncRNA clusters that 
include DE lncRNAs as well as neighbouring DE coding genes, that could hence be 
regulated by the ncRNA(s). Using this method, 320 lncRNA clusters were found comprising 
816 coding genes. To predict target decoy activity, a miRNA-mRNA-lncRNA network was 
created based on expression changes and target complementarity. Our prediction identified 
a total of 70 lncRNAs that potentially work as target decoys for 529 coding genes.  
Protein domain and GO-enrichment analyses revealed that proteins encoded by the genes in 
these lncRNA clusters as well as in the miRNA-mRNA-lncRNA network tend to contain 
domains with phosphorylation activity and more specifically serine/threonine kinase activity. 
Serine/threonine protein kinases are known to be involved in the plant stress response, 
mainly in abiotic types of stresses, by balancing processes related to growth and plant 
defence (Nukarinen et al. 2016; Cho et al. 2012). TaSnRK2.4 an SNF1-type serine/threonine 
protein kinase in wheat regulates growth, osmotic potential and development (Mao et al. 
2010). Overexpression of TaSnRK2.4 in Arabidopsis leads to enhanced tolerance against 
stresses such as drought, freezing and salt stress. In rice, overexpression of the SNF1-type 
serine-threonine protein kinase SAPK4 leads to improved germination, growth and 
development under salt stress both in seedlings and mature plants (Diédhiou et al. 2008).  
However, serine/threonine protein kinases have also been shown to be involved in biotic 
stress responses. OsSnRK1a, a regulator of plant metabolism, is able to boost the 
jasmonate-mediated defence response in rice after inoculation with the blast fungus 
Pyricularia oryzae. Overexpression of OsSnRK1a also promoted the salicylic acid pathway 
(Filipe et al. 2018). Proteins containing a serine/threonine kinase domain can also possess a 




analysis. Proteins that contain both domains function as membrane proteins, with the LRR 
domain being an extracellular receptor of pathogen associated molecular patterns, and the 
serine/threonine kinase domain intracellularly activating the MAP kinase pathway for defence 
signaling (Afzal, Wood, and Lightfoot 2008). LRR domain containing proteins are also able to 
trigger cell death upon infection (Swiderski, Birker, and Jones 2009). A similar observation 
was made in tomato, where long non-coding RNA lncRNA23468 regulates the expression of 
NBL-LRR genes by acting as decoy for miR482b during infection with Phytophthora infestans 
(Jiang et al. 2019).  
Other significant terms in the protein domain enrichment analyses include MYB transcription 
factor. These transcription factors regulate various processes such as biotic stress response 
through their MYB domain repeats allowing them to bind DNA and CCAAT binding 
transcription factors of the nuclear factor Y class (NF-Y). NF-Y factors are required for root 
growth, stress response and flowering time in plants (Alam et al. 2015; Battaglia et al. 2014; 
Zhao et al. 2017).  
Both lncRNAs here predicted to work in cis and those putatively functioning as target decoys 
seem to regulate the expression of genes with similar profiles, mainly genes coding for 
serine/threonine protein kinases and transcription factors, which are well known players in 
the plant immune response. This indicates lncRNAs as a key player in the interplay between 
rice and Mg, although further functional confirmation is needed. Ectopic over-expression of 
lncRNAs that are predicted to work as a target decoys could confirm their functionality by 
monitoring transcript and protein levels of the predicted target mRNAs in the generated 
transgenic lines. The study of lncRNAs with putative in cis activity is more challenging, given 
that their functionality is based on their genomic position. In this case, CRISPR/Cas9 
technology could be used with the aim to delete an exon or part of the promoter region (Gil 
and Ulitsky 2020). In tomato, CRISPR/Cas9 was successfully used to knock out lncRNA1459 
leading to a delay in tomato fruit ripening (Li et al. 2018). Care must be taken however if the 
lncRNA overlaps with another regulatory element to avoid confounding effects. 
Given the ability of lncRNAs to regulate DNA methylation near their own loci, either through 
RdDM or through direct binding of DNA methyl transferases ( Di Ruscio et al. 2013; Zhao, 
Sun, and Wang 2016; Xiaopei Zhang et al. 2019), we searched for overlap between lncRNA 
clusters and previously described differentially methylated regions (DMR; Chapter 2) in 3 dpi 
galls and found that 141 of our lncRNA clusters contain a DMR. The fact that these DMRs 
are almost universally hypomethylated in galls (Chapter 2, (Atighi et al. 2020)) could indicate 
that upregulated lncRNAs in these DMR-containing clusters negatively regulate DNA 
methylation, likely through recruitment of demethylases or inhibition of DNA 
methyltransferases. Downregulated cluster lncRNAs would instead positively regulate DNA 
methylation through direct recruitment of DNA methyltransferases or the RdDM pathway 
(Zhang et al. 2019). In all, lncRNAs differentially expressed after Meloidogyne graminicola 
infection appear to target many genes with critical roles during the plant stress response, 
which in turn indicates their potential importance in the immune system of rice. 
A total of 16 miRNAs were found to be differentially expressed after Mg infection. 
Degradome sequencing revealed cleavage activity for six predicted targets of DE miRNAs 
corresponding with the change of expression of those miRNAs, most of which were 
transcription factors. Interestingly, mir169f.1 is indicated to target mRNAs encoding NF-Y 
subunits, a domain detected to be enriched in the set of coding genes in lncRNA-miRNA-
mRNA networks. The miRNA169/NF-Y module is well known to regulate tolerance against 
both biotic as abiotic stresses, both in monocots and dicots. In Arabidopsis, overexpression 
of miR169 resulted in early flowering (Xu et al. 2014). Drought stress in Arabidopsis resulted 
in downregulation of miR169 and overexpression of its target genes conveyed increased 
resistance to drought stress (Li et al. 2008). The miR169 miRNA family has been shown to 
be a negative regulator of rice immunity against the fungus Magnaporthe oryzae (Li et al. 





genes, NF-Y members. Based on the known negative effects of miR169 expression on rice 
defence, the here-observed downregulation of miR169 and upregulation of NF-Y encoding 
genes, seem to indicate that this module is part of the immune response in rice against Mg. 
Further functional investigation will be needed to prove this hypothesis.  
Another miRNA family that was here found to be downregulated after Mg infection is the 
miR164 family. This miRNA family targets transcription factors belonging to the NAC family, 
which we have confirmed to be less degraded in the investigated tissue. NAC transcription 
factors are known regulators of biotic and abiotic stress responses by initiating cell death, 
inducing a hypersensitive response or enabling the expression of pathogenesis-related 
genes (Nuruzzaman, Sharoni, and Kikuchi 2013). Similar to the mir169/NF-Y module, the 
miR164/NAC module is also a negative regulator of the plant immune response. 
Overexpression of miR164 leads to increased rice susceptibility to Magnaporthe oryzae, 
while NAC overexpression enhances resistance (Wang et al. 2018), and has positive effects 
on drought tolerance and grain yield (Jeong et al. 2013; Redillas et al. 2012; Jeong et al. 
2010). This indicates that the observed downregulation of miR169f.1 and the miR164 family 
in galls, and corresponding accumulation of their target genes are part of the rice immune 
response upon nematode infection. Members of the miR319 family, miR319a and b, were 
observed to be upregulated after Mg infection corresponding with an increased degradation 
of their target Os12g0616400, encoding a proliferating cell factor (PCF) transcription factor. 
The miR319/PCF module has been observed to behave differently under various stress 
conditions. Overexpression of miR319 enhances cold tolerance in rice, marking miR319 as a 
positive regulator of cold stress in rice (Yang et al. 2013; Wang et al. 2014). In creeping 
bentgrass, salt and drought tolerance is increased when rice miR319 is overexpressed (Zhou 
et al. 2013). On the other hand, miR319 acts as a negative regulator of the immune response 
during infection with Magnaporthe oryzae where expression of miR319 is induced while its 
targets are suppressed, leading to a negative effect on the JA pathway (Zhang et al. 2018). 
MiRNA319-mediated suppression of JA signaling was also observed in rice after infection 
with rice ragged stunt virus where miR319 was upregulated (Zhang et al. 2016). Our 
observation of induced miR319 expression as well as degradation of its targets suggests that 
there might be a similar manipulation by Mg of the miR319/PCF module after Mg infection. 
Finally, a total of 3739 siRNAs were found to be DE in rice after Mg infection, most of which 
were 24 nts long, with slightly more siRNAs downregulated than upregulated. The 
observation that 24 nt siRNA are the most responsive to nematode infection is in agreement 
with previous research findings that highlighted an enrichment of 24 nt smRNA sequences in 
Arabidopsis roots infected with Meloidogyne javanica or with M. incognita-infected versus 
control plants (Cabrera et al. 2016; Ruiz-Ferrer et al. 2018). SiRNAs with a length of 24 nts 
tend to originate from transposable elements and are involved in in cis DNA methylation (Wei 
et al. 2014). Our research uncovered five coding genes that are potentially regulated by 
siRNA-containing promoters. These genes include Os12g0227400, an allyl alcohol 
dehydrogenase (ADH) gene. In Arabidopsis, ADH1 expression was induced upon salt and 
drought stress as well as upon infection with Pst DC3000, resulting in increased 
accumulation of callose deposition and soluble sugars (Shi et al. 2017). Overexpression of 
ADH1 increased both biotic as abiotic stress resistance. Further research using an 
overexpression line for example could elucidate if enhanced ADH1 expression would also 
confer beneficial effects to the rice immune response in the rice-Mg interaction. The siRNAs 
that were found to be DE in this study could also be further studied for their potential to be 
involved in AGO1 binding to chromatin sites as described by Liu et al. (Chang Liu et al. 
2018). In this pathway AGO1 binding positively affects the expression of the bound genes 
with sRNA necessary for proper binding. It is therefore worth exploring whether the 
expression of siRNAs that are found to be DE in our study are positively correlated with the 
expression of protein-coding genes in combination with a chip-sequencing experiment to 
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Plants need to (be able to) respond to changes in their environments, be it changes in 
climate, soil conditions or the presence of pathogens, allowing adaptation to this new 
situation. Therefore, plants have developed a complex web of signaling pathways that can 
detect environmental stimuli and enable downstream effects allowing plants to form an 
appropriate response. For example, when plants experience drought stress, one of the 
quickest responses is to close the stomata to minimize water loss (Pirasteh-Anosheh et al. 
2016). A typical plant reaction to invasive pathogens is the deposition of callose at the cell 
plate during cytokinesis, forming an effective barrier against pathogen invasion. This layer 
has an additional function as a receptacle for antimicrobial compounds (Luna et al. 2011). 
Similarly, lignin can be produced, which strengthens the cell wall (Bhuiyan et al. 2009). Other 
compounds produced to combat pathogens are reactive oxygen species such as hydrogen 
peroxide, or pathogenesis-related proteins (Honglin Huang et al. 2019; Sudisha et al. 2012).  
To make sure that future fitness is not compromised, it is important that plant responses to 
immediate threats can be reversed. Epigenetic mechanisms have emerged as key regulators 
of plant responses as they are reversible and do not alter the genetic code. Most of the 
studies regarding changes in epigenetic patterns of plants as a response to stimuli have 
focused on the impact of abiotic stress. On the other hand, research on the epigenetic impact 
of biotic stress remains comparatively sparse (Alonso, Ramos‐Cruz, and Becker 2019). The 
most likely reason is that abiotic stress experiments are easier to standardize, design and 
execute than experimental setups involving a biotic stressor. The first studied model system 
to investigate epigenetic changes in a plant after pathogen invasion is the interaction 
between Arabidopsis and bacterial pathogen Pseuodomonas syringae but other model 
systems have also been used that involved fungi, oomycetes and nematodes (Alonso, 
Ramos‐Cruz, and Becker 2019). Moreover, epigenetic mechanisms have been found to play 
a role in the formation of symbiotic relationships between the host plant and soil organisms. 
Leguminous plant species can develop a symbiotic relationship with both rhizobial bacteria 
and arbuscular mycorrhizal fungi. During this symbiosis, the plant defence system is 
intentionally repressed to allow for the formation of mycorrhized roots and nitrogen-fixing 
nodules. This suppression is thought to be mediated by host miRNAs targeting defence-
related genes (Bazin et al. 2012).  
Throughout the research conducted in this PhD thesis, we have largely focused on one 
specific plant-pathogen interaction: the compatible interaction between rice and Meloidogyne 
graminicola (Mg). Rice is one of the most important economic crops worldwide and the 
foremost model plant for monocotyledonous species. Mg is a devastating pathogen, able to 
cause rice yield losses up to 80 % (Plowright and Bridge 1990). The importance of epigenetic 
mechanisms in the interaction between rice and Mg was first discovered when a number of 
transcripts coding for key components in the epigenetic machinery, such as histone 
modification enzymes, Argonaute and Dicer proteins, were found to be differentially 
expressed after Mg infection compared to uninfected plants (Kyndt et al. 2012). These 
changes in gene expression were found 3 days post inoculation (3 dpi). At this timepoint, the 
hook-like galls that are formed on the root rips also become visible (Bridge, Plowright, and 
Peng 2005). The gall formation allowed us to accurately distinguish the sites of infection and 
collect materials for WGBS and ChIP-seq experiments. Therefore, we focused on this 
timepoint for all experiments.  
An interesting extra layer of complexity in this interaction is that, similar to many biotrophic 
pathogens, Mg is able to suppress a series of pathways in rice basal immunity (Kyndt et al. 
2012; Ji et al. 2013). Changes in epigenetic patterns that govern these pathways are 
therefore not necessarily induced by the plant as part of its immune response. Indeed, it is 
equally possible that these are instead manipulated by Mg to mitigate the immune response 






We investigated the three best studied pillars of epigenetics: DNA methylation, histone 
modifications and ncRNAs. For each one of these mechanisms, we aimed at characterizing 
the changes in epigenetic profile upon Mg infection to subsequently connect these changes 
to downstream effects. Figure 6.1 summarizes the epigenetic changes in rice after Mg 
infection. In addition, we set up an experiment to find stable reference genes for accurate 
assessment of miRNA expression in RT-qPCR experiments. This was needed to reliably 
validate the changes, obtained from our smRNA-seq data in rice upon Mg infection. 
 
Figure 6.1 Overview of epigenetic changes in rice upon Meloidogyne graminicola infection. DMR: 
differentially methylated region. TF: transcription factor. Created with BioRender.com. Drawing of cis 






6.2. DNA methylation 
DNA methylation was the first described epigenetic mechanism and remains the most 
extensively studied one. The fact that DNA can be methylated was discovered along with the 
identification of DNA as the carrier of genetic information in the 1940s although it wasn’t until 
the 1980s that DNA methylation was shown to be involved in gene regulation (Moore, Le, 
and Fan 2013). In plants, the role of DNA methylation has been studied for plant processes 
ranging from development, ripening, growth to abiotic and biotic stress responses ( Zhang, 
Lang, and Zhu 2018).  
A recently discovered plant response in pathogen-host interactions is a reduction of DNA 
methylation in the host plant (Zogli and Libault 2017). Upon infection with bacterial pathogen 
Pseudomonas syringae pv. tomato DC3000 a shift toward hypomethylation occurred in the 
centromeric DNA of Arabidopsis (Pavet et al. 2006). The same host-pathogen system was 
also used by Dowen et al. who mainly found hypomethylated regions after infection (Dowen 
et al. 2012). The shift towards hypomethylation was also seen in soybean and Arabidopsis 
after infection with cyst nematodes Heterodera glycines and Heterodera schachtii, 
respectively (Rambani et al. 2015; Hewezi et al. 2017). These plant responses agree with 
our data in which genome-wide hypomethylation was observed in rice three days after Mg 
inoculation.  
Generally, DNA hypomethylation has been observed to be beneficial to the defence 
response in case of biotrophic pathogens. Plants that have undergone artificial demethylation 
tend to show less susceptibility to invasive pathogens as do mutant lines that are deficient in 
DNA methylation pathways. For example, enhanced resistance of rice against Xanthomonas 
oryzae pv. oryzae was observed after treatment with methyltransferase inhibitor 5-
azadeoxycytidine (Akimoto et al. 2007). Arabidopsis mutants that are unable to express the 
nrpe1 gene, which codes for the largest subunit of Polymerase V and is thus crucial for the 
RdDM pathway, exhibit increased resistance to biotrophic pathogen Hyaloperonospora 
arabidopsidis (López Sánchez et al. 2016). The drm2 mutant of wheat showed reduced 
susceptibility towards infection with biotrophic fungus Blumeria graminis f. sp. tritici compared 
to its wild type (Geng et al. 2019). Our data presented in chapter 2 revealed that treatment of 
rice with methyl transferase inhibitor 5-Azacytidine resulted in a lower number of galls and 
nematodes compared to untreated plants, agreeing with and further extending previous 
studies by showing a similar effect also in belowground defence responses.  
RdDM mutants featured a significantly reduced number of galls and nematodes in their roots 
compared to their wild types. However, no study had yet tried to fit the hypomethylation 
response in the general model of plant immunity. We tested if hypomethylation is part of the 
pattern-triggered immunity response (PTI). All three NAMP cocktails as well as flg22 induced 
significant hypomethylation, implicating hypomethylation to be part of the PTI response. This 
was also the first time that NAMPs have been shown to induce DNA hypomethylation. The 
ability of flg22 to induce DNA hypomethylation was already shown by Yu et al. in Arabidopsis 
(Yu et al. 2013). They were able to observe hypomethylation effects 24 hours after flg22 
treatment. This observation combined with the fact that we observed hypomethylation three 
days after Mg inoculation is a possible indication that the hypomethylated state of DNA can 
persist for an extended period of time in plants.  
It is clear that hypomethylation is a common response against the invasion of pathogenic 
species. However, there is great variation as to the specific cytosine contexts that experience 
changes in their methylation profile. Previous research into changes in DNA methylation 
upon cyst nematode (Heterodera schachtii) infection found that, in Arabidopsis, most 
differentially methylated regions (DMRs) were in the CG context both at 5 and 10 dpi. Cyst 
nematode (Heterodera glycines) infection in soybean, on the other hand resulted mainly in 





Our whole genome bisulfite sequencing results showed that hypomethylation in rice after Mg 
mainly occurs in the CHH context. This observation agrees with the research of Geng et al. 
who mainly found significant CHH hypomethylation in wheat - also a monocot like rice - 12 
hours after inoculation with obligate biotrophic fungus Blumeria graminis f. sp. tritici. It is 
therefore tempting to conclude that the main cytosine context to be hypomethylated is 
determined by the genomic makeup (monocot vs dicot) of the host plant rather than the type 
of pathogen. However, assessment of more pathogenic systems is required in order to 
confirm this hypothesis. As there is no universal consensus on how to exactly define DMRs, 
care must also be taken when comparing research results.  
Both de novo methylation as maintenance of CHH methylation is regulated by the RdDM 
pathway. The RdDM pathway is crucial for the silencing of transposable elements (TEs), 
especially in plants with repetitive genomes such as wheat and rice. However, TEs are 
generally derepressed when plants are faced with certain environmental stimuli or stress 
factors. The mechanical underpinnings of TE derepression are not yet fully understood as TE 
expression may damage the genome through undesired transposition and genomic insertion. 
The activation of TEs however, may positively affect the stress response by generating 
adaptive genetic variation, accelerating host stress adaptation (Negi, Rai, and Suprasanna 
2016; Cambiagno et al. 2018).  
As the methylation status of TEs can influence the expression of nearby genes, we assessed 
the overlap of DMRs with TEs. We found that TEs in gene promoters were significantly more 
likely to be hypomethylated than non-promoter TEs. To connect the observed changes in 
DNA methylation profile to changes in expression we investigated the overlap between 
DMRs and the promoters/gene bodies of genes that were differentially expressed in galls at 
3 dpi or 7 dpi. We noticed a significant enrichment of 3 dpi hypomethylated DMRs in the 
promoters of genes that were differentially expressed at 7 dpi but not at 3 dpi. This 
observation agrees with the fact that differentially methylated genes at 3 dpi are mainly 
upregulated at 7 dpi. A delayed effect between hypomethylation and activated expression 
has been suggested before for a pathosystem involving a nematode. Hewezi et al. 
investigated changes in the methylome and transcriptome of Arabidopsis after infection with 
Heterodera schachtii (Hewezi et al. 2017). They found 29 genes to be differentially 
methylated at 5 dpi which were differentially expressed at 10 dpi, prompting the authors to 
suggest that DNA methylation may precede transcriptional changes, in agreement with our 
results. A possible explanation for this time-lag could be that the methylation regulated plant 
response involves a cascade of transcription factors that needs to be traversed before gene 
expression can be observed. A model for transcription factor hierarchy involved in an 
abscisic acid-induced stress response has already been made for Arabidopsis (Song et al. 
2016). For future research it might be worthwhile to account for this-timelag by also sampling 
on later timepoints. 
The set of genes featuring a hypomethylated promoter at 3 dpi and differential expression at 
7 dpi included a large number of ethylene-related genes. As a plant hormone, ethylene 
collaborates with jasmonate to activate plant defence pathways (Adie et al. 2007). In 
Arabidopsis, jasmonate/ethylene pathways are generally considered to be effective against 
necrotrophs, even working antagonistically to the salicylic acid pathway that is activated 
when the host is faced with biotrophic pathogens. However, in rice both jasmonate and 
ethylene have been shown to induce a defence response against root-knot nematodes 
(Nahar et al. 2011). Given that Mg is able to inhibit the rice immune response at 3 dpi by 
suppressing local defence pathways such as the ethylene pathway (Kyndt et al. 2012), it can 
be hypothesized that Mg is able to temporarily block the effects of hypomethylation on gene 
expression until it is well established in the root system.  
To further elucidate this effect, it is necessary to observe changes in the methylome at 
additional time points. At this point, we do not know yet how fast the hypomethylation 





before 3 dpi. Similarly, the speed of hypomethylation due to NemaWater treatment can be 
investigated with shorter treatment intervals. To find out whether DNA remains 
hypomethylated until its putative transcriptional activation effects at 7 dpi, it will be necessary 
to measure DNA methylation at intervals between 3 dpi and 7 dpi. As we have concluded 
that DNA hypomethylation is part of the PTI response we speculate that hypomethylation 
could diminish over time. Possibly, genome-wide hypomethylation may even diversify with 
pockets of hypermethylation in the genome. It is therefore worthwhile to evaluate time points 
beyond 7 dpi. 
6.3. Histone modifications 
Analysis of histone modifications is not as straightforward as DNA methylation since multiple 
different histone modifications can take place on the same histone protein. Histone 
modifications can also work in trans by influencing locus accessibility and expression from 
nearby nucleosomes. The combination of modifications in and around a gene locus is known 
as the histone code (Zhang, Cooper, and Brockdorff 2015). The interaction between these 
modifications, some of which are gene activating and others gene repressing, allows for 
meticulous finetuning of expression.  
Studies on changes in histone modifications during a pathogenic invasion in plants have 
been scarce so far. Recently, changes in histone modifications H3K4me3, H3K36me3 and 
H3K9ac in dragon tree (Paulownia fortune) under phytoplasma infection compared to 
untreated controls were investigated (Yan, Fan, and Li 2019). For each histone modification, 
differentially modified regions were found and after infection hyperacetylated or 
hypermethylated regions were more common than hypo-acetylated or hypomethylated ones. 
Ayyappan et al. studied changes in histone modifications H3K9me2 and H4K21ac in 
common bean (Phaseolus vulgaris L.) under rust (Uromyces appendiculatus) infection at 
multiple time points and observed that the majority of differentially modified peak regions 
were intergenic (Ayyappan et al. 2015).  
Other histone modification studies focusing on pathogen-plant interactions however focus on 
the change in expression of histone deacetylases, histone demethylases, histone methyl or 
acetyl transfereses rather than the histone modifications themselves. Ji et al. found that 
histone-modifying enzymes were mainly upregulated in 7 dpi giant cells in the Mg-rice 
pathosystem, but show varying expression profiles at 14 dpi (Ji et al. 2013). Histone 
deacetylase HDT701 is a negative regulator of defence in rice as HDT701 overexpression 
made rice more susceptible to Magnaporthe oryzae and Xanthomonas oryzae pv oryzae 
(Ding et al. 2012). Rice H3K27me3 demethylase JMJ705 on the other hand positively 
regulates rice defence as overexpression of JMJ705 confers enhanced resistance against 
Xanthomonas oryzae pv oryzae (Li et al. 2013).  
Research concerning the impact of nematode infection on histone modifications has thus far 
mostly focused on nematode effectors that share homology with annotated histone modifying 
enzymes, possibly manipulating the epigenetic mechanisms of its host (Tarek Hewezi 2020). 
Several effectors from Heterodera glycines have been found to share sequence homology 
with histone methyl and acetyltransferases. Fellow cyst nematodes Heterodera avenae, 
Globodera pallida and Globodera rostochiensis were also found to produce effectors 
resembling histone modifying enzymes (Noon and Baum 2016; Noon et al. 2015; Jones et al. 
2009). However, no root-knot nematode effectors have thus far been reported to have 
sequence similarity with elements of the epigenetic machinery. A study by Vijayapalani et al. 
reported that the 32E03 effector of Heterodera schachtii is able to inhibit the function of 
histone deacetylases in Arabidopsis. Overexpression lines of 32E03 showed increased H3 
acetylation at rDNA chromatin regions (Vijayapalani et al. 2018).  
As is clear from the aforementioned studies, the research focus has been mainly on cyst 
nematodes with no attention directed towards root-knot nematodes. In that light, we 





early infection of rice with Mg. This study is also the first to report on genome-wide changes 
of multiple histone modifications during the interaction with a nematode and its host. The 
studied histone modifications are H3K9ac, which is considered an activating histone mark, 
H3K9me and H3K27me3, which are both considered repressive histone marks. Genomic 
regions with significant changes in H3K9ac or H3K27me3 levels almost all showed increased 
H3K9ac or H3K27me3 levels at 3 dpi in young galls vs root tips while genomic regions with 
significant changes in H3K27me3 levels showed decreased H3K27me3 levels. These 
unilateral changes are akin to the unilateral change toward DNA hypomethylation, indicating 
a genome-wide epigenetic shift. 
Association tests revealed that H3K9ac and H3K27me3 enriched regions showed significant 
overlap with promoter regions and gene bodies. However, H3K9ac enriched regions and 
H3K27me3 enriched regions are not mutually overlapping, indicating that these histone 
modifications are associated with distinct sets of genes. This makes sense as one histone 
mark (H3K9ac) is considered to be an activator of expression, while the other (H3K27me3) is 
regarded as a repressive histone mark. Regions with significantly depleted H3K9me2 marks 
in gall tissue were significantly underrepresented in gene bodies and gene promoters. This 
agrees with the observations of Ayyappan et al. who found that changes in H3K9me2 almost 
exclusively occurred in intergenic regions in common bean under rust infection (Ayyappan et 
al. 2015). 
We used RNA-seq data to link changes in histone modifications to changes in gene 
expression. No sensible genome-wide correlation was found between the change in histone 
modification levels and the change in gene expression levels. The lack of a straightforward 
link between histone modifications and gene expression was also encountered when 
investigating changes in histone modifications H3K4me3, H3K36me3 and H3K9ac in dragon 
tree under phytoplasma infection (Yan, Fan, and Li 2019). Only a small subset of 
phytoplasma-responsive genes was affected by changes in histone modifications. A similar 
observation was made in the interaction between common bean and rust disease where 
changes in gene expression as well as changes in histone modifications H3K9me2 and 
H4K12ac were evaluated (Ayyappan et al. 2015). A handful of genes were found to show 
both differential expression as significant changes in histone modifications but no clear link 
between those changes was found. A possible explanation is that we currently do not 
understand the complete picture of the histone code and that our observed histone 
modification changes are offset by yet other histone modification changes in addition to even 
other yet unknown epigenetic mechanisms. 
Despite no observable genome-wide link between histone modification changes and gene 
expression, GO enrichment analysis revealed that genes affected by histone modification 
H3K9me2 were significantly associated with GO terms related to plant defence. A GO 
enrichment analysis of genes affected by changes in histone modifications H3K9ac and 
H3K27me3 was less clear but did reveal enrichment for some GO terms relevant for plant 
defence. Next to that, a large number of metabolism-related GO terms were also found to be 
enriched among genes that were affected by H3K9ac and H3K27me3 changes, which was 
also the case for genes affected by changes in H3K4me3, H3K36me3, H3K9ac levels in 
dragon trees under phytoplasma stress (Yan, Fan, and Li 2019). This possibly indicates that 
stress-induced histone modification changes primarily affect metabolism-related genes. 
However, histone modification changes need to be studied in a larger number of of 
pathogen-host systems to further test this hypothesis. 
Next to a genome-wide study of histone modification changes, we also performed preliminary 
experiments by treating rice plants with inhibitors of histone modifying enzymes. Treatment 
with these inhibitors, nicotinamide, sulfamethazine and fumaric acid all resulted in a lower 
number of nematodes and/or galls compared to untreated plants. These results should be 
interpreted carefully though as these chemicals are known to affect a whole range of plant 





avoid direct contact between the chemicals and the nematodes by spraying the leaves, these 
chemicals or their metabolites might be able to be transported through the plant. In that case 
the invasive nematodes might encounter them, leading to direct toxicity.  
To gain further understanding into how the histone modifications play a role in rice during 
nematode infection, we would need extra puzzle pieces to crack the histone code. Therefore, 
it would be worthwhile to look at changes in additional prominent histone modifications and 
see to what extent they enhance or inhibit each other. It would also be interesting to not just 
look at histone modification changes on the gene loci themselves but to also evaluate 
potential changes on nearby loci and enhancer sites that are able to function in trans. Given 
the ability of Mg to suppress the rice immune response at 3 dpi, it is possible that Mg 
manipulates histone modification patterns of rice for its own benefit. Testing a wider array of 
histone modifications does have some drawbacks. It is very challenging to collect enough 
material from gall samples. ChIP seq also requires antibodies and extensive sequencing 
which drives up the price per sample (Park 2009). 
As mentioned previously, a number of studies have been performed on cyst nematode 
effectors that share homology with histone modifying enzymes. It would be interesting to 
conduct a similar study for Mg. Several Mg effectors have already been found and studied 
but have, to the best of our knowledge, not yet been compared to histone modifying enzymes 
or evaluated for their potential to affect histone modification patterns of the host plant (Zhuo 
et al. 2019; Naalden et al. 2018; Haegeman et al. 2013). Just like DNA methylation it is 
possible the observed histone changes are part of a PTI response. In Arabidopsis plants, 
exposure to cold, heat and salt stress led to histone modification changes of PTI-responsive 
genes and an increased resistance to virulent bacteria (Singh et al. 2014). To test this 
hypothesis, histone changes in rice, treated with NemaWater, could be investigated. 
6.4. Reference genes for miRNA expression in rice 
In plant stress research, a number of stably expressed miRNA reference genes have already 
been selected for a number of plant species such as cucumber under viral stress, sugarcane 
buds under cold stress, grapevine under multiple abiotic stress, et cetera (Liang et al. 2018; 
Yang et al. 2016; Luo et al. 2018). However, to the best of our knowledge, no miRNAs in rice 
have yet been proposed as stable reference genes in experimental conditions that challenge 
the rice immune system. Therefore we tested rice miRNAs for their potential to be used as 
reference genes in RT-qPCR experiments. The miRNAs miR390-5p and miR7694-3p were 
overall the most stable reference genes but, with the exception of miR535-3p, all other tested 
miRNAs would be acceptable to serve as reference genes.  
We refrained from using our own small RNA sequencing dataset (Chapter 5) for validation as 
we wanted to avoid circular reasoning in which small RNA sequencing data validate the 
expression of reference genes, which would subsequently be used to validate the small RNA 
sequencing data. Instead, we validated our candidate reference miRNAs by using a public 
small RNA seq dataset, showing that normalization with the selected reference miRNAs is on 
par with the other normalization methods (Yang et al. 2016). 
Even though miR390-5p expression is stable across our selected experimental conditions, 
this miRNA is known to be transcriptionally affected by various other stress stimuli (Yanfei 
Ding et al. 2016; Dmitriev et al. 2017). Therefore, we also validated another set of miRNAs 
(miR7694-3p, miR1868 and miR1849) that are, to the best of our knowledge, yet to be 
reported to change expression under stress conditions. The suitability of these miRNAs will 
need to be experimentally validated if they are to be used in experimental conditions 
involving other kinds of pathogen stress such as bacterial or fungal stress. Nevertheless, 
they are an appropriate starting point for other researchers looking for reference miRNA in 
the context of rice-pathogen interactions. For future experiments of this type we would 






6.5. Non-coding RNAs 
The discovery of regulatory non-coding RNAs has added an additional layer of complexity to 
the regulation of gene expression. Non-coding RNAs are primarily classified based on length 
as either lncRNAs that are over 200 nts long or small RNAs that are generally between 20 
and 24 nts long. LncRNAs are able to exercise a multitude of functions: they can work in cis 
by recruiting chromatin remodeling complexes (Heo and Sung 2011; Ariel et al. 2014). For 
example, natural antisense transcripts have been found to either positively or negatively 
correlate with the expression of protein coding genes on the opposite strand (Jabnoune et al. 
2013; Wunderlich, Groß-Hardt, and Schöffl 2014). LncRNAs are also able to work in trans by 
functioning as a target mimic for miRNAs or by influencing mRNA splicing (Franco-Zorrilla et 
al. 2007; Bardou et al. 2014). It is not straightforward to functionally characterize lncRNAs as 
some lncRNAs functions involve interaction with proteins. Software packages such as 
IPMiner and lncPRo were developed to predict lncRNA-protein interactions, yet are very 
aspecific (Pan et al. 2016; Lu et al. 2013).  
In our work, we focused on two potential functions of lncRNAs: in cis regulation of the 
expression of nearby gene loci and miRNA target mimicry. We found a total of 425 lncRNAs 
to be differentially expressed (DE) which mainly showed downregulation. To predict which 
lncRNAs had the potential to work in cis we created lncRNA clusters that contain a DE 
lncRNA and its potential target genes. Usually researchers create lncRNA clusters by 
including all the gene loci that are within a fixed genomic distance such as 20 kbp from the 
DE lncRNA locus (Zhang et al. 2020). However, this distance is arbitrary and does not take 
gene into account that gene density can differ between genomes. Rather, we determined the 
size of the lncRNA clusters by including neighboring genes that are DE. Using this method, 
we found 320 lncRNA clusters that contained a total of 352 lncRNAs and 816 protein-coding 
genes.  
An enrichment analysis of GO terms and protein domains revealed that the protein-coding 
genes in lncRNA clusters are enriched for genes that code for proteins with 
phosphotransferase activity. Protein domain analysis specifically showed enrichment for 
serine/threonine kinase genes which are considered to function as a ‘central processor unit’ 
in plant cells (Hardie 1999). It accepts input signals from receptors that sense changes in 
environmental conditions or other stimuli and enables responses such as changes in 
metabolism (Afzal, Wood, and Lightfoot 2008). When the root-knot nematode Meloidogyne 
incognita infects tobacco plants (Nicotiana tabacum) 565 lncRNAs were found to be DE and 
transcribed in the vicinity of 338 protein-coding genes. Gene ontology analysis indicated 
these genes to be associated with multiple metabolism-related activities (Li et al. 2018).  
Another lncRNA function that we evaluated in this PhD was the ability to work as a decoy for 
miRNAs. We created triplets of a mRNA, miRNA and a lncRNA in which the miRNA was 
predicted to be able to bind with both the mRNA as the lncRNA. Some triplets were linked to 
each other as they had common members, leading to a general lncRNA-miRNA-mRNA 
network. Protein domain enrichment analysis revealed a remarkably similar profile for genes 
putatively regulated by cis lncRNAs and genes putatively regulated by decoy lncRNAs. This 
suggests that DE lncRNAs target the expression of functionally similar genes in multiple 
ways, possibly to achieve robust control over the expression changes. Li et al. performed a 
similar study in tomato plants infected with Meloidogyne incognita. They found that DE 
lncRNAs putatively regulate in cis the expression of genes involved in hormone signal 
transduction and secondary metabolism (Li et al. 2018). While these results indicate a role 
for lncRNAs in the defence response, additional validation needs to be done. Very few 
lncRNAs have been functionally characterized so far in plant-pathogen systems. In tomato, 
lncRNA23468 functions as a decoy for miR482b, thereby increasing the accumulation of the 
NBS-LRR proteins (Jiang et al. 2019). Rice lncRNA ALEX1 functions in cis, modulating the 





Transgenic lncRNA overexpression lines could be created to prove the potential of lncRNAs 
to act as target mimics. Protocols to study in cis acting lncRNAs in plants are sorely lacking. 
For other organisms however, a number of methods have been described. (Gil and Ulitsky 
2020). Insertion of a polyadenylation signal causes a premature end to transcription, 
affecting transcription time as well as the ability of the lncRNA to properly interact with 
proteins. RNA interference using antisense oligonucleotides can achieve lncRNA 
knockdown. Multiple CRISPR techniques can be used: CRISPR knockouts can be made by 
deleting part of the promoter. Knockdown of lncRNAs can also be achieved by CRISPR 
interference in which a catalytically dead Cas9 is used to reduce expression rather than to 
induce DNA breaks. Interactions between lncRNAs and proteins such as chromatin 
remodelers or RNA binding proteins can be experimentally studied using RNA 
immunoprecipitation or chromatin isolation by RNA purification (Barra and Leucci 2017). 
However, to the best of our knowledge, no plant-specific protocols for these techniques yet 
exist.  
We found 16 miRNAs to be differentially expressed in rice plants after Mg infection. The 
majority were downregulated, which generally corresponded with degradome sequencing 
data that showed reduced degradation of their predicted targets. The tendency towards 
downregulation of miRNAs after nematode infection was also found in Arabidopsis after 
infection with Meloidogyne javanica at 3 dpi (Cabrera et al. 2016). However this trend seems 
to change over time: miRNAS are mainly downregulated in Arabiopsis galls after infection 
with cyst nematodes at 4 dpi, but are largely upregulated at 7 dpi (Hewezi et al. 2008). 
Arabidopsis plants infected with Meloidogyne incognita had an equal number of upregulated 
and downregulated miRNAs at 7 dpi but mainly upregulated miRNAs at 20 dpi (Medina et al. 
2017).  
Two members of the miR319 family were however upregulated and their target 
PROLIFERATING CELL FACTOR 8 (PCF8) indeed showed increased degradation in galls 
versus control roots. The upregulation of miR319 after nematode infection has been 
described previously. It is upregulated in soybean after cyst nematode infection (Heterodera 
glycines) and is the most upregulated miRNA in cotton (Gossypium hirsutum L.) after 
infection with Meloidogyne incognita (Mi) (Li et al. 2012; Pan et al. 2019). It was also found to 
be upregulated in tomato (Solanum lycopersicum) after Mi infection (Zhao et al. 2015). The 
same study used a miR319 overexpression line and found that overexpressing miR319 leads 
to a reduced resistance against Mi. Overexpression of its target, a TCP gene showed the 
opposite effect. Overexpressing miR319 was found to inhibit the jasmonic acid biosynthesis 
pathway (Zhao et al. 2015). Therefore, miR319 is considered a negative regulator of plant 
defence and its induced expression after root-knot nematode (RKN) infection appears to be a 
conserved strategy by RKN to manipulate the plant immune system.  
The other miRNAs with evidence of cleavage activity in our degradome data were 
downregulated. MiR169f.1 and its predicted targets, NF-Y transcription factors, exhibit 
expression and degradation profiles supporting miR169 a a negative regulator of plant 
immunity. Transgenic rice lines overexpressing miR169 are more susceptible to 
Magnaporthe oryzae infection than wild types (Li et al. 2017). It might be interesting to test 
their susceptibility to nematodes. In the susceptible soybean variety Liaodou 10, SCN race 3 
miR169 expression is upregulated after cyst nematode infection. However, in the resistant 
variety Hairbin xiaoheidou, SCN race 3 its expression is downregulated (Li et al. 2012).  
MiRNAs miR164a and miR164d were downregulated as well. In Arabidopsis, downregulation 
of members of the miR164 family was also described by Hewezi et al. at both 4 days as 7 
days after inoculation with Heterodera schachtii (Hewezi et al. 2008). The targets of miR164 
are NAC transcription factors, which are crucial for plant immune responses such as the 
hypersensitive response or the upregulation of pathogenesis-related genes (Nuruzzaman, 
Sharoni, and Kikuchi 2013). Given that miR164 is known as a negative regulator of the plant 





against Mg (Wang et al. 2018). To confirm this we could use NAC overexpression lines in 
infection experiments where we would expect enhanced resistance against Mg. 
Medina et al. observed an upregulation of miR408 in Arabidopsis after Mi infection in 
Arabidopsis, which contrasts with our observed downregulation of miR408 in rice after Mg 
infection (Medina et al. 2017). However, both miR408 overexpression lines as miR408 
knock-out lines of Arabidopsis showed no difference in Mi susceptibility, which suggests that 
miR408 may not play an important role in the interaction between RKNs and their host.  
Lastly, we considered changes in siRNA expression profiles as a consequence of Mg 
infection. A slight majority of DE siRNAs were downregulated which ere mainly 24 nts long. 
The observation that mainly 24 nt-long siRNAs are affected after nematode infection was 
also made in Arabidopsis plants infected with Mi or Meloidogyne javanica (Cabrera et al. 
2016; Ruiz-Ferrer et al. 2018). We found five protein-coding gene loci that are putatively 
controlled by siRNA mediated DNA methylation on their promoters. 
Further research is required to elucidate the role of these small RNAs in the RKN-rice 
interaction. Overexpression lines of small RNAs can be used to evaluate whether changes in 
small RNA expression affect the susceptibility of rice plants against Mg. Alternatively the 
expression of miRNAs can be indirectly altered with the use of artificial target mimics. For 
example, miR156fhl-3p in rice is a negative regulator of the immune response against rice 
blast disease pathogen Magnaporthe oryzae. A transgenic line that overexpresses an 
artificial target mimic against miR156fhl-3p showed a reduced accumulation of miR156fhl-3p 
and an enhanced resistance against rice blast disease (Zhang et al. 2020). The siRNAs that 
are differentially expressed upon Mg infection can also be evaluated for their potential to be 
involved in AGO1 binding to chromatin sites as described by Liu et al. (Chang Liu et al. 
2018). In this pathway siRNA expression is positively correlated with expression of protein-
coding genes as they are necessaru for proper AGO1 binding. It is therefore worth 
investigating which siRNAs are positively correlated with protein-coding genes. A chip-
sequencing experiment can be set up to verify if these protein coding genes are bound by 






6.6. Future perspectives 
It is now well-established that epigenetic mechanisms exert regulatory control over the 
immune response of plants against stress factors. The interconnectedness between 
epigenetic mechanisms allows for a complex regulatory system. Nevertheless, efforts have 
been made to translate epigenetic insights into biotechnological applications for the 
improvement of crop resistance. Similar strategies can be used to translate results obtained 
in this doctoral thesis, upon additional verification, to the field.  
In Arabidopsis epigenetic recombinant inbred lines (epiRILs) have been created to study 
which epialleles can be associated with quantitative traits. Epiallelles are variants of the 
same gene that are genetically identical but differ in their epigenetic patterns (Catoni and 
Cortijo 2018). In epiRILs made by Johannes et al., the epiallelles have different DNA 
methylation patterns and were stably transmitted over eight generations (Johannes et al. 
2009). Reinders et al. created an epiRIL population consisting of F2 individuals from a 
selfed F1 hybrid of a wild type and a homozygous met1-3 Arabidopsis mutant. Respectively 
34 % and 4% of the epiRIL population showed increased resistance or susceptibility to 
infection with Pseudomonas syringae pv. tomato (Reinders et al. 2009). This shows the 
ability of epigenetic patterns to affect the immune response. Furci et al. found four epigenetic 
quantitative trait loci in epiRILs that conferred resistance to Hyaloperonospora arabidopsidis 
without growh reduction or increased susceptibility to other types of stresses (Furci et al. 
2019). A downside of creating epiRILs for plant breeding is that not all epialleles are stably 
transmitted to the next generation. 
Valorisation of DNA methylation and histone modifications has soms obstacles. As noted in 
our work the application of chemical compounds to induce changes in DNA methylation or 
histone modifications can have side effects. Even though genome-wide hypomethylation has 
been observed to prove beneficial for plant immunity, both in this work and in other studies, 
establishing it through the use of 5-Azacytidine might prove problematic. The compound 
induces growth retardation at higher concentrations, a phenomenon that has also been 
observed when germinated rice seeds have been exposed to 5-Azacytidine (Sano et al. 
1990). It is also associated with loss of fitness in Brassica rapa and human cell lines (Kottler, 
VanWallendael, and Franks 2018; Holliday 1986). Growth retardation has also been 
observed in our work with the chemical compounds that induce histone changes 
(sulfamethazine, fumaric acid and nicotinamide). Therefore, application of 5-Azacytidine 
makes more sense in a transgenerational setup. If the hypomethylated state induced by 5-
Azacytidine can be stable transmitted to its progeny, with no side effect, one could perform 
this application in a controlled environment and commercialize the seeds. 
The most promising epigenetic mark for future valorization are non-coding RNAs. The 
advantage they have compared to DNA methylation and histone modifications is the relative 
ease of specific manipulation through sequence specificity. Manipulation of DNA methylation 
or histone modifications usually lead to genome-wide changes. Changes in DNA methylation 
or histone modifications can therefore lead to unwanted activation of transposable elements 
and consequent genomic damage (Rival 2011). In contrast, non-coding RNAs, particularly 
small RNAs provide a way to specifically target the expression of key genes in plant 
immunity due to their requirement for near-perfect complementarity in order to function, 
reducing the risk of side effects. To the best of our knowledge, induction of hypomethylation 
to attain resistance has not yet been tested in field conditions. 
Significant progress has been made in using the natural phenomenon of RNA interference to 
enhance plant immunity. Several examples exist in which the manipulation of miRNA 
expression has resulted in crops with improved resistance traits (Zheng and Qu 2015; Zhang 
and Wang 2015). Arabidopsis plants overexpressing miR396 had smaller syncytia after cyst 
nematode infection compared to wild type plants (Hewezi et al. 2012). Transgenic rice plants 





et al. 2013). The drawback of overexpression lines is that strong, constitutive overexpression 
can cause pleiotropic effects resulting in undesirable phenotypes. This can be remediated 
with the use of tissue-specific or stress-inducible promoters (Gao et al. 2015; Niu et al. 
2016). 
Besides direct alteration of miRNA expression, miRNA levels can be indirectly regulated with 
the use of endogenous or artificial target mimicry. In this case, miRNA would be 
downregulated which can be beneficial as several miRNAs are negative regulators of plant 
defence. Artificial target mimics, known as short tandem target mimics (STTMs) can be 
constructed so that they possess multiple target sites for a specific miRNA (Tang and Tang 
2013; Tang et al. 2012). However, they have three mismatches at the actual cleavage 
position in the target site, preventing the cleavage and effectively sequester the miRNA. In 
tomato, an STTM against miR482b was constructed. As a result, the targets of miR482b 
which are NBS-LRR disease resistance genes were no longer suppressed. Consequently, 
transgenic lines overexpression the STTM displayed an enhanced resistance against the 
pathogen Phytophthora infestans (Jiang et al. 2018). Several STTM lines have been 
produced for rice as well to uncover miRNAs regulating agronomic important traits such as 
yield, plant height and root development (Zhang et al. 2017). These STTM lines can be used 
as a resource to further investigate if the miRNAs that were uncovered in this PhD are 
relevant during nematode infection.  
However, all previously mentioned approaches involve the creation of transgenic crops. The 
use of transgenic crops is legislatively difficult in Europe as genetically modified crops are not 
widely accepted by the general public. Therefore, research groups both in academics as in 
industry are developing methods to bring about the traits of transgenic crops without actually 
making changes in the DNA. The most promising method is the exogenous application of 
RNA. This idea is not new as multiple strategies have already been developed that apply 
RNA treatments to plants. However, the vast majority of these strategies entail the 
application of RNA molecules to plants that are meant to be taken up by the pathogen. Once 
ingested, the RNA molecule induces RNA interference on an essential pathogen gene. Some 
examples are given below. 
Mitter et al. demonstrated that topically applied dsRNA confers viral protection in Arabidopsis 
for at least 20 days (Mitter et al. 2017). They produced dsRNA targeting Pepper mild mottle 
virus and Cucumber Mosaic Virus mRNA. By loading the dsRNA on a carrier (non-toxic, 
degradable, layered double hydroxide clay nanosheets), the dsRNA can be taken up by the 
plant cells and is protected from degradation. Sprayable dsRNAs are also effective against 
chewing insects. Petek et al. performed field trials in which they assessed the effectiveness 
of dsRNA sprays against the Colorado potato beetle (CPB) (Petek et al. 2020). The dsRNA 
was designed to target the CPB mesh gene. They found the dsRNA spray treatment as 
effective as a commercial insecticide although it needed a longer period to achieve the same 
effectiveness. 
Not much research has yet been performed to evaluate the efficacy of topical dsRNA 
treatment to target an endogenous plant mRNA rather than a pathogenic mRNA. Such an 
approach would be useful as the delivery of dsRNA to below-ground pathogens such as 
nematodes is not straightforward. Exogenously applied dsRNAs have already been shown 
to be able to regulate endogenous plant genes (Dubrovina and Kiselev 2019). A concrete 
example, based on our data, of an experiment towards valorisation would be to reduce the 
expression of miR319. It is overexpressed in galls but is known as a negative regulator of 
plant immunity in biotic stress situations and therefore likely manipulated by Meloidogyne 
graminicola. A non-GMO technique of achieving this goal is through the use of short-
tandem target mimics (STTMs) that sequester miRNAs away from their true target. The 
main hurdle to clear with this method is STTM stability. A European project in the framework 
of the Horizon 2020 programme has explored the use of STTM sprays in tomato 





expressed STTMs, were recognized and degraded by the plant machinery before they 
could exert miRNA decoy activity. A possible solution would be the addition of 3’ 
polyadenylation tails to prevent STTM degradation. 
If STTM lines or overexpression lines of the miRNAs discussed in this study demonstrate 
that deliberate changes in miRNA expression affect plant resistance or plant tolerance, this 
approach can be a next step towards field applications. 
Several carriers currently exist for dsRNA such as clay nanosheets or a formulation with 
plant-hormones Brassinosteroids (Mitter et al. 2017; Tang 2016). This makes the dsRNA far 
more stable. For a long time, the greatest bottleneck was the production cost of dsRNA. In 
2008 it cost $ 12 500 to produce 1 g of dsRNA, in 2017, due to the optimization of viral and 
bacterial production systems, that price was reduced to $ 2 (Zotti et al. 2018). While potential 
drawbacks such as off-target effects definitely need to be taken into account by careful 
design of the RNA sequence, exogenous application of dsRNA can be a sustainable and 
powerful tool to combat plant pathogens both by directly targeting the pathogen as 
enhancing the plant immune system. 
In conclusion, this work provides fundamental insights in the behavior of epigenetic 
mechanisms in rice when confronted with the root-knot nematode Meloidogyne graminicola. 
There is a continuous search for new avenues to create crops with enhanced resistance to 
biotic stressors. The findings in this work are a resource for further research in developing 






As the world population continues to grow, demands on food production follow. Plants are 
continuously being threatened by biotic and abiotic stressors, which negatively impact crop 
yield. In the case of biotic stress factors, there is a never-ending battle between pathogens 
and plants. Therefore, plants have developed a complex web of molecular pathways to 
detect and respond to these threats. In this work we have focused on the interaction between 
rice and one of its greatest pests, the root-knot nematode Meloidogyne graminicola (Mg). 
Rice is one of the most widely consumed staple foods in the world as well as an important 
model plant in monocot research. Mg is widely spread around the world with a large number 
of potential hosts and is a devastating threat to the yield of crops such as rice. Multiple 
mitigation strategies exist, but most are generally infeasible due to high cost, lack of efficacy, 
scalability or detrimental effects to the environment. Creating resistant crops or developing 
treatments that make crops more resilient towards nematode infestations would the most 
efficient and durable approach. However, to that end it is necessary that we understand how 
plants interact with nematodes. A set of molecular mechanisms, known as epigenetic 
mechanisms, are employed by plants to guide gene expression and are important regulators 
of all kinds of plant processes ranging from development to plant adaptation to stimuli. In this 
work we studied the effects of Mg infection on the epigenetic profile of rice in young galls. 
Specifically, we looked at changes in DNA methylation, histone modifications and non-coding 
RNA expression upon Mg infection.  
We studied changes in DNA methylation by performing both whole genome bisulfite 
sequencing (WGBS) and enzyme-linked immunosorbent assays (ELISA). Through WGBS, 
we found that rice DNA undergoes hypomethylation upon Mg infection, specifically in the 
CHH context. The hypomethylation effect was confirmed by ELISA. We found that genomic 
regions that were hypomethylated 3 days after Mg inoculation were overrepresented in the 
promoters of genes that were differentially expressed 7 days after Mg inoculation. We 
showed that hypomethylation is part of the pattern-triggered immune response by treating 
rice plants with pathogen-associated molecular patterns flagellin 22 or NemaWater. Again, 
we observed DNA hypomethylation compared to untreated plants. We also treated the dicot 
tomato with NemaWater which lead to DNA hypomethylation. This indicates that DNA 
hypomethylation is a conserved response mechanism in monocots and dicots. Treating rice 
plants with DNA methylation inhibitor 5-Azacytidine conferred a lower susceptibility to Mg 
infection. The same observation was made in mutants that were DNA methylation deficient. 
Changes in three histone modifications (H3K9ac, H3K9me2 and H3K27me3) were studied 3 
days after Mg inoculation using chromatin immunoprecipitation followed by sequencing. 
Overall, we observed enrichment for H3K9ac and H3K27me3 marks while H3K9me2 marks 
were depleted. Regions with significant enrichment for H3K9ac and H3K27me3 marks were 
overrepresented in the promoters and gene bodies of gene loci. However, no general 
correlation was found between changes in histone modifications and changes in expression 
of the underlying genes. Gene ontology analysis did reveal that the affected genes can be 
involved in plant defence and specific known defence-related gene loci were found to be both 
differentially expressed and affected by histone modification changes. Treatment of rice 
plants with inhibitors of histone modifying enzymes (fumaric acid, sulfamethazine and 
nicotinamide) conferred a reduced susceptibility to Mg infection. Although preliminary, this 
observation suggests an important role for histone modifications in the immune response. 
Finally, we evaluated changes in non-coding RNA expression. To be able to reliably validate 
the expression changes of microRNA (miRNAs) through reverse transcriptase quantitative 
polymerase chain reaction (RT-qPCR), we first evaluated a set of different miRNAs for their 
expression stability and potential to serve as reference genes. Expression stability was 
scored using software packages GeNorm, NormFinder and BestKeeper. Overall, miRNAs 
miR390-5p and miR7694-3p were found to feature the most stable expression across the 




induced resistance-activator beta amino butyric acid). However, miR390-5p is described to 
change expression in a number of biotic and abiotic stress conditions, limiting its use as a 
reference gene in conditions beyond those used in our work. Therefore, we also tested and 
validated the set of miRNAs (miR7694-3p, miR1868 and miR1849) which can be used as 
miRNA reference genes in RT-qPCR experiments. 
We found 16 miRNAs to be significantly differentially expressed in infected samples 
compared to control samples. Data of changes in rice miRNA expression after Mg infection 
were combined with degradome sequencing data. Targets of these miRNAs, as predicted by 
the degradome sequencing results, are mainly transcription factors (TFs). Specifically, we 
observed downregulation of miRNAs miR169f.1 and miR164 as well as a corresponding 
reduced degradation of their targets, NF-Y and NAC TFs respectively. We also observed 
upregulation of miR319 and increased degradation of its target which encodes a PCF TF. As 
miR169 and miR164 miRNAs are known negative regulators of plant immunity, we speculate 
that their downregulation is part of the genuine plant immune response. Changes in miR319 
expression however might be manipulated by Mg as miR319 is a known negative regulator of 
plant defence to biotic stress. We also found 3739 siRNAs with significantly changed 
expression profiles after Mg infection. The majority were 24 nucleotides long indicating an 
involvement in DNA methylation changes via the RNA-directed DNA methylation pathway. 
Five genes were found whose expression might be regulated by siRNA-mediated DNA 
methylation in their promoters. Lastly, 425 long non-coding RNAs were found to be 
differentially expressed in galls vs root tips. We predicted their functionality by evaluating 
their potential to either act as target mimics for miRNAs or to have in cis functionality, 
affecting the gene expression of their surrounding gene loci. Interestingly, we found that the 
set of genes predicted to be affected through lncRNA mimicry are enriched for genes coding 
for proteins with phosphorylation activity. More specifically, they tend to code for proteins 
with a serine/threonine kinase domain. These are known to balance processes between 
plant growth and plant defence. Differentially expressed protein coding genes whose loci 
surround differentially expressed lncRNAs show a similar profile, indicating that lncRNAs 
play a key role in rice defence. 
In conclusion, we have greatly expanded insight into the role of epigenetic mechanisms in 
the rice-RKN interaction. We have gained a better understanding of how DNA methylation 
and histone modifications change during early infection. Furthermore, we now know which 
non-coding RNAs are responsive to infection and which genes they may target. These data 
are the groundwork for further research that aims to functionally characterize the epigenetic 
changes during RKN infection in rice. Especially with a deeper understanding of the role of 








Zolang de wereldbevolking groeit, zal de druk op voedselproductie blijven stijgen. Planten 
worden continu bedreigd door biotische en abiotische stressfactoren die een negatieve 
impact op de opbrengst hebben. In het geval van biotische stressfactoren is er een niet 
aflatende strijd tussen pathogenen en planten. Daarom hebben planten een complex web 
van moleculaire pathways ontwikkeld om deze bedreigingen op te sporen en een passend 
antwoord te vormen. In dit werk hebben we gefocust op de interactie tussen rijst en één van 
zijn grootste belagers, het wortelknobbelaaltje Meloidogyne graminicola (Mg). Rijst is één 
van de meest geconsumeerde voedingsmiddelen en ook een belangrijke modelplant voor 
wetenschappelijk onderzoek. Mg komt in vele delen van de wereld voor, heeft een grote 
waaier aan mogelijke gastheren en is een verwoestende bedreiging voor de opbrengst van 
gewassen zoals rijst. Er bestaan verschillende strategieën om aaltjes te bestrijden maar de 
meeste zijn niet werkbaar in de praktijk door hun hoge kosten, gebrek aan efficiëntie of 
schaalbaarheid. Het ontwikkelen van resistente gewassen of behandelingen die gewassen 
weerbaarder maken is de meeste efficiënte en duurzame aanpak. Het is daarom belangrijk 
dat we begrijpen hoe planten reageren als ze geconfronteerd worden met aaltjes. Een aantal 
moleculaire mechanismen, gekend als epigenetische mechanismen sturen genexpressie in 
eukaryotische cellen en zijn belangrijke regulatoren voor allerlei plantprocessen zoals 
plantgroei en door stimuli geïnduceerde plantrespons. In dit werk hebben we bestudeerd wat 
het effect is van infectie door Mg op het epigenetisch profiel van rijst in jonge gallen. We 
hebben veranderingen in DNA methylatie, histonmodificaties en expressie van niet 
coderende RNAs bekeken. 
Veranderingen in DNA methylatie werden bestudeerd door zowel whole genome bisulfite 
sequencing (WGBS) als enzyme-linked immunosorbent assays (ELISA) uit te voeren. De 
WGBS data toonde aan dat DNA hypomethylatie optreedt na Mg infectie, meerbepaald in de 
CHH context. Dit effect werd bevestigd in de ELISA resultaten. De promotoren van genen die 
significante expressieverandering vertonen 7 dagen na Mg inoculatie, overlappen significant 
met genomische regio’s die gehypomethyleerd waren op 3 dagen na Mg inoculatie. We 
hebben aangetoond dat hypomethylatie deel uitmaakt van de pattern-triggered immune 
response door rijstplanten te behandelen met pathogen-associated molecular patterns zoals 
flagelline 22 of NemaWater en opnieuw hypomethylatie waar te nemen. Een dicotyl 
behandeld met NemaWater vertoonde eveneens hypomethylatie wat wijst op een 
geconserveerde plantrespons. Rijstplanten die behandeld werden met 5-Azacytidine, een 
inhibitor van DNA methylatie, waren minder gevoelig voor infectie met Mg. Hetzelfde 
fenomeen werd waargenomen in mutanten die niet goed in staat zijn om DNA te methyleren. 
Veranderingen in 3 histonmodificaties (H3K9ac, H3K9me2 en H3K27me3) werden 
bestudeerd 3 dagen na Mg inoculatie door middel van chromatineïmmunoprecipitatie 
gevolgd door sequenering. We zagen dat er hyperacetylatie van H3K9ac, hypermethylatie 
van H3K27me3 en hypomethylatie van H3K9me2 optreedt na Mg infectie. Er is een 
significante overlap tussen genomische regio’s met significant meer H3K9ac of H3K2 me3 
zijn, en genomische regio’s met promotoren en genloci. Er werd echter geen algemene 
correlatie vastgesteld tussen veranderingen in histonmodificaties en veranderingen in 
genexpressie. Een ontologieanalyse toonde aan dat genomische regio’s met significante 
veranderingen in histonmodificaties aangerijkt zijn voor genen met een mogelijke rol in 
plantimmuniteit. Bepaalde genen die gekend zijn voor hun rol in plantimmuniteit vertoonden 
zowel een verandering in expressie als veranderingen in histonmodificaties. Rijstplanten die 
behandeld werden met chemische inhibitoren van histonmodificerende enzymes vertoonden 
een verminderde gevoeligheid voor infectie met Mg. Hoewel dit fenomeen nog verder dient 
uitgeklaard te worden, is dit ook een aanwijzing dat histonmodificaties belangrijk zijn voor 
plantimmuniteit. 
We hebben ook veranderingen bestudeerd in de expressie van niet coderende RNAs. Om 




middel van reverse transcriptase quantitative polymerase chain reaction (RT-qPCR), hebben 
we de expressie van een aantal miRNAs bekeken om te beslissen welke als referentiegenen 
kunnen dienen. De expressie van deze miRNAs werd bekeken in meerdere experimentele 
condities. Deze waren onbehandelde planten, planten die geïnfecteerd waren met Mg en 
planten die behandeld waren met beta-aminoboterzuur, een activator van de induced 
resistance respons. De stabiliteit van expressie werd bepaald aan de hand van 
softwarepakketten GeNorm, NormFinder en BestKeeper. De miRNA miR390-5p en 7694-3p 
waren het meest stabiel tussen de geteste experimentele condities. Echter, miR390-5p staat 
bekend als een miRNA dat verandert in expressie onder een aantal biotische en abiotische 
stressomstandigheden wat zijn nut als een referentiegen beperkt in experimentele condities 
naast degene die we gebruikt hebben in dit werk. Daarom hebben we ook een andere set 
miRNAs (miR7694-3p, miR1868 en miR1849) getest en gevalideerd, die in het vervolg als 
miRNA referentiegenen kunnen dienen in RT-qPCR experimenten. 
Er zijn 16 miRNAs die significante veranderingen in expressie vertoonden in gallen versus 
worteltippen. Veranderingen in expressie van rijst miRNAs na Mg infectie werden gelinkt met 
degradoomdata. De door degradoomdata voorspelde doelwitten van deze miRNAs zijn 
vooral transcriptiefactoren (TFs). De miRNAs miR169f.1 en miR164 waren neergereguleerd 
in gallen, en hun doelwitten, respectievelijk NF-Y en NAC TFs, werden minder 
gedegradeerd. Daarentegen was er een opregulatie van miR319 en een verhoogde afbraak 
van zijn doelwit dat codeert voor een PCF TF. Omdat miR169f.1 en miR164 bekend staan 
als negatieve regulatoren van plantimmuniteit, speculeren we dat hun neerregulatie deel 
uitmaakt van de eigenlijke plantimmuunrespons. De opregulatie van miR319 daarentegen 
kan mogelijks gemanipuleerd zijn door Mg aangezien miR319 ook een negatieve regulator is 
van plantimmuniteit tegen biotische stress. We observeerden dat 3979 small interfering 
RNAs (siRNAs) significant op- of neergereguleerd waren na Mg infectie. De meerderheid 
was 24 nucleotiden lang wat duidt op een rol in het reguleren van DNA methylatie via de 
RNA-directed DNA methylation pathway. We vonden 5 genen wiens expressie mogelijks 
wordt gereguleerd door siRNAs dmv DNA methylatie in de promotor. Tenslotte zijn er 425 
long non-coding RNAs (lncRNAs) die een significant verschillend expressiepatroon 
vertoonden na Mg infectie. Hun functies werden voorspeld door na te gaan of (1) ze kunnen 
werken als een lokaas voor miRNAs of (2) ze kunnen werken in cis en dus de expressie van 
naburige genloci kunnen beïnvloeden. Genen die mogelijks beïnvloed zijn door lokaas 
lncRNAs waren aangerijkt voor genen die coderen voor eiwitten met fosforylase-activiteit. 
Deze genen hebben een serine/threonine kinasedomein dat bekend staat voor het regelen 
van de balans tussen plantgroei en de immuunrespons. Deze genen werden ook 
terugevonden in genomische regio’s met een significant op- of neergereguleerd lncRNA wat 
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